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ABSTRACT
Soil and Vegetation Recovery on Abandoned Paved Roads in a Humid Tropical 
Rain Forest, Puerto Rico
by
Catherine M. Heyne
Dr. Lawrence R. Walker, Examination Committee Chair 
Associate Professor o f Biological Sciences 
University of Nevada, Las Vegas
I examined soil and vegetation characteristics on a 60 yr chronosequence o f abandoned 
paved roads in Puerto Rico. Rapid recovery obscured successional changes in soil 
regeneration. Littermass, bulk density, soil moisture, soil organic matter, and total 
Kjeldahl nitrogen reached forest levels within II yr of road abandonment despite residual 
pavement. Road soil pH showed a clear successional trend, and approached the more 
acidic forest soils within 60 yr. Pool sizes were similar to the forest by > 30 yr.
Road revegetation displayed strong successional trends across the chronosequence. 
Vegetation on roads abandoned for > 30 yr reached a mature forest state for stem count,
species richness, canopy height, and canopy cover characteristics. Basal area, understory
iii
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cover, and diversity measures reached adjacent forest levels within 60 yr. Species 
composition remained disparate between road and forest. Adjacent forest conditions 
were die most significant in determining both soil and vegetation recovery trajectories.
IV
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PREFACE
The notion o f  a ‘representative sample ' within a highly heterogeneous forest is perhaps 
just as illusory as the notion o f  a pristine forest. ” (Chazdon 1996)
As with all theses and dissertations, this one was completed due to the help of many 
people. It is always very difficult to include the names of every individual who 
participated in the task of completing a long, involved project. So. in general. 1 would like 
to thank all of those who kept in touch and gave me support through casual conversation, 
friendship, and active discussion of ideas during the last, many years. More specifically. 
I'd like to thank Fred Landau, Marfa Aponte. Samuel Moya, Fu Shenglei, Gustavo 
Guzman, and Allison Heyne for assistance during the 1995 “vegetation” field season. Lea 
Jordan provided exceptional help during the 1996 “soil” field season, as well as Fred 
Landau, Samuel Moya, Marfa Aponte, and Dean Jordan. These individuals tromped 
faithfully through saw grass, mountainous fern banks, and high river waters, while 
enduring rain and late hours with occasional sleep and few hot showers.
1 am grateful for all the help that 1 had with plant identifications. Frank Axelrod 
(herbarium curator. University of Puerto Rico), Dr. James Ackerman (University of 
Puerto Rico), Carlos Estrada. Dr. Charlotte Taylor (Missouri Botanical Garden), Fred
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Landau, and John Bithom all contributed their time and valuable knowledge to this 
sometimes daunting undertaking.
1 appreciate Mary Jean Sanchez and the Intemational Institute of Tropical Forestry 
soil lab crew for their patience with my weekend work schedule. Doug Turner and 
Whendee Silver gave me important advice with regards to soil analyses and the 
autoanalyzer. Tammy Nguyen helped out in the lab and with data entry. John 
Thomlinson allowed me to view his aerial photos o f the LEF, and Jeff Walker supplied 
me with invaluable local history of my study areas.
Deep gratitude goes to James Cleverly and Steve Vrooman for late night consultation 
and conversations. Between the two of them, they made it possible for me to incorporate 
“statistics” and “understanding” into the same sentence.
Td like to thank my advisor for his great cooking skills in the field (not to mention 
great pot lucks at home), as well as for a fast boat in the water. My entire committee 
(Lars Walker, Fred Scatena, Dan Thompson. Stan Smith, and Kathy Robins) deserves 
recognition for their support and input. Also, 1 would like to thank Chris Tumbow for 
his support and understanding. This project would not have been completed without 
funding from the US forest Service, an NSF grant supporting the Luquillo Experimental 
Forest Long-Term Ecological Research Program, and a travel award from the Biological 
Association of Graduate Students (BAGS).
Finally, thanks to my family and friends who kept asking when I would finish.
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CHAPTER I
SOIL RECOVERY ON ABANDONED PAVED ROADS
Introduction
Anthropogenic disturbance in Puerto Rico plays a significant role in shaping soil and 
vegetation processes. In the Luquillo Experimental Forest (LEF) of northeastern Puerto 
Rico, strong correlations have been found between present forest composition and 
structure and the type o f historical land use (Garcfa-Montiel and Scatena 1994, 
Zimmerman et al. 1994). Although the LEF has been somewhat protected since 1839 
when the Spanish crown established a board to protect the forest and its wildlife, much of 
the land continued to be selectively logged, planted with coffee, cleared for plantations, 
pastures and agriculture, and prospected for gold (Scatena 1989). Trails and roads were 
built to sustain this activity. Of the 11,300 ha comprising the LEF, 49 ha are presently 
occupied by active roads (Kharecha 1997). These roads are maintained at high cost due 
continual upkeep necessitated by fast vegetation growth and destructive erosional 
processes that constantly threaten road closure.
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Roads have multiple effects on forest ecosystems. First, road building involves the 
removal of topsoils and vegetation by cutting through hillsides, building up level surfaces, 
or simply grading paths through the forest. They create long, narrow corridors of 
unvegetated and compacted surfaces that increase surface water (Jones and Grant 1996) 
and sediment flow (Reid and Dunne 1984, Selkirk and Riley 1996, MacDonald et al.
1997, Anderson and Macdonald 1998). Roads also change soil properties o f the 
disturbed area (Maimer and Grip 1990, Bolling 1996, Auerbach et al. 1997, Glander et al. 
1998). If roads are paved, a practically impermeable surface is created. Nutrients are 
leached from soils near roads and not replaced, and pollutants generated from the wear 
and deterioration of tires and pavement surfaces accumulate in roadsides soils (Lindgren 
1996, Post and Beeby 1996), later to be transported to other areas by runoff. In the 
humid tropics, road surface deterioration may be caused by sun and wind exposure, 
subsurface root growth, and erosion. Valley slopes cut by road scars lose stability due to 
steep bank angles caused by the removal of hillslope support and aggravated by excessive 
road curvature, rock or soil type, and intense or prolonged rainfall (Sidle et al. 1985, 
Larsen and Simon 1993, Young 1994, Larsen 1995, Larsen and Parks 1997).
Canopy openings produced by road construction have elevated soil and air 
temperatures (Kapos 1989, Williams-Linera 1990b, de Freitas and Enright 1995, Walker 
and Boneta 1995, Zhang and Zak 1995, d a n d e r et al. 1998) due to augmented incident 
radiation reaching lower forest levels (Chazdon and Fetcher 1984, Denslow et al. 1988, 
Walker 1994, de Freitas and Enright 1995, Fernandez and Myster 1995). Such rise in
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temperature increases evapotranspirationai demand (Kapos 1989, Matlack 1993), while 
lower humidity and reduced infiltration dries soils and litter in and near forest canopy 
openings (Kapos 1989, Jusoff and Muhamad Majid 1992, Matlack 1993). The coupling 
of temperature and soil moisture fluctuations in road gaps consequently can impact rates 
of decomposition and nutrient release (Lodge et al. 1994, Zhang and Zak 1995, Post and 
Beeby 1996), which may in turn affect colonizing vegetation (Schulze and Chapin 1987, 
Guzman-Grajales et al. unpub.). As surface debris collects and soil forms, water and 
sediment discharge is reduced (Reid and Dunne 1984, Jones and Grant 1996).
Accordingly, the evaluation of soil development on abandoned paved roads is critical for 
maintaining and restoring ecosystem function.
Roads have become a major and practically permanent landscape feature connecting 
human populations. Presently, a more conscientious effort is being made to reduce 
habitat loss and further degradation. One strategy of restoration is to allow natural 
succession to proceed after removal of human activities in disturbed lands. Another is for 
humans to expedite the development o f the primary forest stmcture and composition. 
How much intercession, when to intervene, and how to mitigate environmental damage 
already done is still debated (Chazdon 1998), and the sequence and length of unmitigated 
community recovery is poorly understood (Walker 1999).
Changes in forest soil composition and structure often occur over periods of hundreds 
of years. One way to overcome logistical problems o f such long-term studies is to 
analyze a chronosequence of sites with similar disturbance regimes in comparable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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environments. Therefore, a chronosequence of abandoned paved roads was employed to 
compare soil development on abandoned roads. A limitation to chronosequence studies is 
the necessary assumption that successional trajectories do not vary between the locations 
studied. Despite this drawback, research using chronosequences offers a useful basis for 
contrasting general temporal trends (Wiens and Parker 1995, Zarin and Johnson 1995b). 
Since roads traverse great distances, crossing varied topography and different soil 
composition, soil recovery following road building disturbance in tropical forests can be 
expected to vary. However, by limiting the study to a particular forest type and 
elevation range, patterns in soil development across the chronosequence of abandoned 
roads was expected regardless of the naturally occurring heterogeneity of forest soil 
(Maimer and Grip 1990, Armesto et al. 1991). Also, road plots paired with forest plots 
were essential in determining the extent of recovery for each abandoned road (Hurlbert 
1984).
Most road studies have looked at soil conditions in relation to the presence of roads 
or subsequent abandonment of unpaved roads (e.g., (Reid and Dunne 1984, Jusoff and 
Muhamad Majid 1992, Larsen 1995, Auerbach et al. 1997, Guariguata and Dupuy 1997, 
MacDonald et al. 1997, Anderson and Macdonald 1998, Olander et al. 1998). Little 
attention has been paid to soil recovery following the abandonment of paved roads.
Thus, the main goals of this project were to compare soil development on abandoned 
paved roads to ‘naturally disturbed’ contiguous forest areas and to make generalizations 
regarding the change o f soil characteristics with respect to the length o f time since road
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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abandonment. Tiie questions addressed in this research were: ( 1 ) How do soil chemistry 
and physical properties of soils on abandoned roads differ from that o f adjacent forests? 
(2) How long does it take for the paved surface to break down and soil to build up on an 
abandoned paved road? and (3) Does soil development on abandoned roads depend on in- 
situ weathering o f  the pavement or on soil erosion from the adjacent forests?
To answer these questions, litter accumulation, pavement presence, soil development, 
and soil nutrient concentrations were examined on a chronosequence o f abandoned roads 
with similar surface treatments, uses, abiotic conditions, and surrounding forest 
composition. It was predicted that, even though there would be a build-up o f organic 
material on roads with time due to elevated litter accumulation and decomposition rates, 
upslope erosion would contribute to the accumulation of soil on the road surface (sensu 
(Reid and Dunne 1984, Larsen 1995, Selkirk and Riley 1996. Anderson and Macdonald 
1998). Road surfaces were hypothesized to deteriorate within the 60 yr chronosequence, 
since paved roads tend to degrade rapidly in the wet, tropical environment. A higher pH 
and soil bulk density were predicted to occur on roads when compared to adjacent 
forests. Changes in soil moisture, SOM, TKN, and net nitrogen mineralization rates were 
also anticipated along the chronosequence (Reiners et al. 1994, Auerbach et al. 1997, 
Olander et al. 1998).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Materials and Methods
Study Site Characteristics 
The eight abandoned paved roads chosen for this study were located between 80 m 
and 530 m.a.s.l. (meters above sea level) in a humid tropical rainforest on the northern 
side of the Luquillo Mountains in the LEF, Puerto Rico (18°18’N, 65°50’W) were 
studied. These mountains are an isolated range situated in the northeast comer of the 
island, with high precipitation falling on the northeastern sides. Rainfall ranges from 
approximately 1400 - 5000 mm yr ' (Garcia Marino et al. 1996). The landscape is 
composed of ridges, slopes, upland valleys, and riparian valleys (Silver et al. 1994). 
These soils, characterized as ultisols, are high in clay content, rich in ferromagnesium 
minerals, highly leached, and well-weathered (Scatena 1989). The underlying parent 
material is a volcanoclastic sandstone that lies 8 to 24 m below the surface (cf. (Zarin and 
Johnson 1995b). Upper slopes are well-drained, acidic, and more geomorphically stable, 
but they are nutrient poor because water, soil, and nutrients are transported down slope 
away from ridges. The upland and riparian valleys are characterized by anaerobic soils 
which lead to denitrification, hydrolysis, and the reduction and removal o f iron from the 
soil (Silver et al. 1994, Scatena and Lugo 1995).
Four forest types—tabonuco, Colorado, sierra palm, and dwarf—have been 
distinguished in the LEF based on dominant tree species (cf. (Brown et al. 1983). The 
tabonuco forest, found between 0 - 600 m.a.s.l., makes up approximately 70% of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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LEF, and is typically characterized by the dominant canopy tree species Dacryodes 
excelsa and Sloanea berteriana. Cyrilla racemijlora, or the palo Colorado tree, dominates 
the Colorado forest, and is typically associated with the cloud condensation level above 
600 m a.s.l. Tabonuco and Colorado forest species often are in areas immediately adjacent 
to each other because of abrupt topographical and substrate transitions. The palm forest 
consists o f almost pure stands of the palm Prestoea montana. Although this forest type 
is described as habituating steep-sided riparian areas and zones with poor drainage, 
individual P. montana is ubiquitous and is considered a common species in both the 
tabonuco and Colorado forests. The dwarf forest is located on the highest peaks (> 750 m 
a.s.l.) in the LEF. This forest exhibits typical characteristics of high-elevation, tropical 
cloud forests (Hamilton et al. 1993, Bruijnzeel and Veneklaas 1998, Waide et al. 1998).
A chronosequence o f road abandonment was identified within the vegetation zone of 
the tabonuco (Dacryodes excelsa) forest (Fig. 1.1). Road age was determined by a 
combination o f aerial photos, historical maps, and interviews with local residents (J. 
Nieves, A. Estrada, C. Estrada, C. Noble, R. Rijos, A. Torres, and F. Wadsworth) and the 
Forest Service archaeologist (J. Walker). A total o f eight abandoned paved roads were 
identified. Three of the roads-abandoned 4, 11, and 16 yr ago-were located in the Sabana 
drainage basin in the northeastern part of the LEF. Four roads (20, 26, 30, and 40 yr 
since abandonment) were situated in the Espiritu Santo drainage basin on the westem 
edge of the LEF. At the upper elevations o f roads abandoned in the Espiritu Santo 
drainage (20 and 26 yr ago), there was evidence of species characteristic of the palm and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Colorado forests typically found between 600 - 1000 m elevation. Colorado forest zones 
were omitted from the study, but areas forested predominantly by Prestoea montana 
could not be eliminated from the road abandoned for 26 yr due to strong intermingling o f 
the tabonuco and palm forests. The eighth road (abandoned 60 yr ago) lay within the 
Mameyes drainage basin in the north-central portion o f LEF.
Three of the study sites-roads abandoned for 4, 11, and 16 yr-were located within 
the Sabana drainage basin and originally were sections of the same road that was built 
somewhere between 1945 and 1951 (Fig. 1.1; Table 1.1). Through three independent 
events, the single road was abandoned: the most recently closed section was abandoned 
in 1991 when forest debris produced by Hurricane Hugo was cleared from the area with 
heavy equipment, and the two oldest sectors ( 11 and 16 yr) were abandoned because o f 
excessive landslide damage. It is still possible to travel on the most recently closed 
section with a four-wheel drive vehicle, but it is difficult due to increased erosion and 
vegetation growth.
The road abandoned 20 yr ago was probably built in 1938. This road was officially 
closed to all motorized traffic in 1957, although recreational use was common until 1978 
when it was gated. The length of the road section was approximately 0.8 km long and ran 
in a more or less north-south direction, maintaining a fairly level gradient along the 
contour of the hill paralleling Highway 186. This road was first built with a base o f  
cobbles mixed with small to medium sized stones and sand (telford technique) and only 
later covered with asphalt.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The road that was abandoned approximately 26 yr ago was a main access route for 
motorized vehicles into the area above the El Verde coffee plantation. Officially, this 
road was abandoned around 1969-1970, but was occasionally used for vehicle site 
access—particularly for ecological research—until a bridge washed out around 1980. 
Currently it serves as a foot trail.
The 1936 aerial photos of the area clearly show the road abandoned for 30 yr. The 
entire area was cleared and the remnant o f old fences and building are now hidden in the 
secondary forest growth. By 1964, aerial photos suggest that the road was no longer in 
use. Field verifications upheld this classification, and therefore, in 1967, this road was 
mapped as a “primitive road”.
The road abandoned for 40 yr is a remnant of the original paved Highway 186, a 
primary route running north-south through the west side of the LEF. Motorized vehicles 
traveled this road until approximately 1957 when a new road segment was constructed to 
eliminate dangerous curves. At present, this road is recognizable only by a faint cut bank 
and abandoned cars.
The road abandoned for the longest period included in this study was built well before 
1930, possibly as part of a Spanish trail, El Camino Real. In aerial photos from 1936, 
this road can be seen clearly as a route through the forest which also acted as an access to 
a large building. However, this sector o f  the road may have already been abandoned as 
early as the mid 1930’s, giving the road an approximate abandonment period of 60 yr. It 
was definitely abandoned by 1947 (J. Walker, pers. comm.).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Plot Design
All soils were collected between May and August in 1996. Ten 10 x 1.5 m plots were 
located randomly along a randomly chosen 300 m strip of the road for roads > 300 m in 
length. Three o f the roads were substantially shorter than 300 m (Table 1.1) so the entire 
road was sampled. All plots were aligned lengthwise at randomly chosen points with a 1 
m minimum distance separating plots. Road plots were placed on the downhill side of 
the road cut to minimize the effect o f bank erosion onto the road from elevated 
embankments (Reid and Dunne 1984). Paired reference plots were established in the 
adjacent forest 25 m from the road edge to minimize the influence of edge effects (Canham 
et al. 1990, Williams-Linera 1990a, Matlack 1993). These forest plots were aligned 
parallel to and uphill from the road plots since slopes on the lower side often fell away 
precipitously. Areas along each road affected by disturbances other than road 
construction, such as mass-wasting, hurricane damage, foot trails, and bamboo plantings 
(a species introduced for road-edge stabilization) were eliminated as possible plot sites.
Litter and Soil Collection and Analvses 
Two litter collections were made from each 10 x 1.5 m plot at random points along 
the central axis, one between 0 - 5 m and another between 5 - 10 m (Fig. 1.2). A 25 x 25 
cm template was used and all litter was cut inside o f the template and removed. The 
entire litter layer enclosed by the template (dead vegetation composed o f leaves, twigs, 
fruits, flowers, etc.) was taken from above the soil surface, dried at 40°C to a constant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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mass, and then weighed. Ground cover was determined by using a pole intercept method 
(see (Hubbell and Foster 1986, Brokaw and Grear 1991). These measures were made by 
recording the type of ground cover (litter, pavement, soil, tree bole, root, rock, downed 
tree bole, tire) on the surface at a point every meter lengthwise along the plot perimeter 
beginning and ending at the plot comers (0 - 10 m; n = 22).
A marked metal probe was used to test for soil depth above road pavement at every 
meter along the plot borders as well as along the center line of the long axis of the plot (n 
= 33). The probe was inserted until either pavement was reached or until the probe was 
inserted to its full depth (ca. 60 cm). This depth, and the presence or absence of 
pavement, was recorded and used to determine average soil depth across the plot. If the 
probe went in to its full depth without encountering pavement, pavement was noted as 
being absent at that point and a specific soil depth was not recorded. These depths were 
not included in analyses.
Soil collections from road and forest plots were placed in individually* labeled 
polyethylene bags for chemical and physical analyses. All plots were divided crosswise 
in half at 5 m, and each half was sampled separately (Fig. 1.2). Three to five cores were 
taken at each meter point across each half-section of the plot such that enough soil was 
collected to successfully run all soil analyses (ca. 300 cm^; n > 18 for each subplot). Any 
organic litter on the soil surface was removed before soil cores were taken. The soil from 
each half-plot was composited and then analyzed. Soil above road pavement was
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sampled to the depth of the pavement layer using a 1.8 cm diameter corer. Since the 
depth of the soil on the roads varied, each core depth (< 10 cm deep) was recorded for 
bulk density calculations. Forest plots were sampled to a 10 cm depth with a 2.2 cm 
diameter corer at each meter mark along the center line of each subplot (n > 6). The larger 
core used for the forest samples did not work on the shallower road soils, but it increased 
sampling efficiency in the forest. Additional soil cores were taken (all depths measured 
and recorded; n > 1) at the randomly chosen point of litter collection when the soil
amassed was estimated to be < 300 cm^ for either road or forest plots. These additional 
samples were collected and air dried separately.
Soil pH was determined on a slurry of 5 ± 0.005 g dry soil in 5 ml o f  dHzO by using 
an electric pH meter and glass electrode (McLean 1982). Bulk density was calculated by 
dividing the total soil dry mass (g) by the total volume of soil collected (cm^) resulting in 
g dry soil cm'^. Gravimetric soil moisture was determined using 10 g of fresh soil, dried at 
105°C for 3 d and weighed.
All soil was ground, passed through a 2 mm mesh, then air-dried at 40°C. A 0.5 g 
subsample of soil was weighed into a ceramic cmcible and placed for 4 h in a muffle 
furnace heated to 550°C. After cooling 1 h, all samples were reweighed for mass loss due 
to soil organic matter (SOM) combustion (Nelson and Sommers 1982). Soil samples for 
total soil Kjeldahl nitrogen (TKN) determination were sieved through a 0.5 mm mesh 
screen, after which 0.3 ± 0.005 g o f  soil was digested with sulfuric acid, potassium
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sulfate, and a mercury catalyst. This procedure oxidizes all organic matter converting 
organic N to free NH»^. Blanks and nationally standardized referenced apple leaf samples 
were used as controls for each TKN analysis. TKN was determined by colorimetric 
segmented flow analysis (Environmental Protection Agency 1984, Alpkem 1991).
In situ nitrogen mineralization incubations were made for each subplot with ca. 300 
cm^ of soil (to road depth or 1 0  cm deep), double-bagged, replaced in the collection 
location, covered with litter, and left for 14 d. This in situ soil collection was made at the 
same point as the litter collection for each plot. In situ incubations permit gas exchange 
without any leaching o f  nutrients and consider naturally occurring environmental controls 
that effect soil processes (Eno 1960, Binkley and Vitousek 1989).
Ten g of fresh soil were removed for available NH4  and NO 1 /NO 3  nitrogen extractions 
from both original soil collection and in situ incubations (Binkley and Vitousek 1989). A 
2 M KCl solution (100 ml) was then added to the soil and mixed for 1 hour. After 
settling for 2 hr, these samples were filtered with Whatman No. 1 paper to remove 
floating organic debris and then stored in vials. Available NH^^ and NO 3  plus NO^
(NO2 ' was reduced to NO 3  by cadmium reaction) were measured using an Alpkem 
Segmented Flow Analyzer. Net nitrogen mineralization was calculated by subtracting 
pre-incubation values o f NH 4  ̂+ (NO3 * + NO 2  ) from the 14d, post-incubation results.
Total nutrient pool size per unit area was calculated for available water, SOM, and 
Tkn. The nutrient concentration (g nutrient g ' dry soil) was multiplied by the bulk 
density (g dry soil cm'^) and the average core depth, which was < 10 cm on roads. In the
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forest, soil was regularly collected to a 1 0  cm depth, thus, forest nutrient concentrations 
and bulk density measures were multiplied by a 10 cm depth. The soil pool measure is a 
closer approximation o f the amount of nutrients available to plants.
Statistical Analvsis
Data for most variables were not normally distributed even following appropriate 
parametric transformations (Kolmogorov-Smimov test). Therefore, all data were rank 
transformed before analysis with nonparametric statistical methods. Road age (number of 
years a road was abandoned), treatment (road vs. forest), and interactions for all ranked 
soil variables were analyzed using Multivariate Analysis o f Variance (MANOVA; 
SuperANOVA, Abacus Concepts, Berkeley, CA). MANOVA models were used to test 
the main effects of road age (which combines forest and road plots before comparing the 
effect of the time of abandonment), treatment (forest vs. road), and age by treatment 
interactions (which could reveal successional changes on roads). Initial posthoc analysis 
of significant MANOVA results was performed by 2-factor, full interaction Analysis o f 
Variance (ANOVA) o f each dependent variable in the MANOVA. A Least Squares 
Means post hoc test was applied to all variables with significant interactions (P < 0.05). 
Fisher’s Protected LSD posthoc test was used when there were no significant interactions 
but significant main effects (P < 0.05). Data from soil depth above the road pavement 
was ranked and then analyzed separately with an ANOVA; there were no forest values
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(SuperANOVA, Abacus Concepts, Berkeley, CA). An ANOVA was also performed on 
ranked pH data derived by dividing soil pH values of the road by forest values.
Results
Litter mass (g m'^) had a significant age by treatment interaction (Table 1 .2 ), meaning 
that differences in the distribution of litter between road and forest (treatments) were 
affected by road age and forest location. The roads abandoned 4 ,11, and 16 yr ago had 
overall lower litter mass values than other road plots and the adjacent forest (Fig. 1 .3); 
litter on roads abandoned for 1 1 , 16, and 40 yr was significantly different from adjacent 
forest plots. The forest bordering the road abandoned for 40 yr had the highest median 
litter deposition.
Percent ground cover attributed to total litter (both leaf litter and trunk or fallen boles) 
was not significantly different between any road or forest location (Table 1.3 ; Fig. 1 .4). 
Bared roots and live tree boles were recorded in most forest areas; only roads abandoned 
for 26 and 60 yr showed bared roots and/or live boles. Pavement and tires—items 
typically associated with modem paved roadways—were found only on roads.
Pavement, rock, and live bole values were the most important in explaining the differences 
revealed in the MANOVA model for percent ground cover (data not shown).
Within 4 yr of road abandonment, ca. 2 cm of soil had already accumulated above all 
roads (Fig. 1 .5a). There was a significant increase in soil depth on roads abandoned > 26 
yr (Table 1.4). Pavement breakup appeared on 4 roads (20, 26, 30, and 60 yr since
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abandonment), but the only road with any significant pavement disintegration was the 
road abandoned for 30 yr (Fig. 1.5b).
Soils on roads were significantly less acidic than forest soils (Fig. 1 6 a), but roads 
abandoned for longer periods of time were increasingly similar to forest soil pH values 
(Table 1.2; Fig 1.6b). Soil pH appeared to be the only soil variable to show a clear 
sequence of change through time in which road plots approached forest reference plots 
across the time series of abandoned roads.
Bulk density (g cm'^) had significant age and treatment effects but no significant age 
by treatment interactions (Table 1.2). Road plots generally had higher bulk density 
values than forest plots, but medians fall within the normal range reported for the LEF 
(Lugo and Scatena 1995); Fig. 1.7). However, the effect o f age on soil bulk density was 
not linear, and the roads closely mirrored reference forest plots.
Gravimetric soil water content (g HiO g'* dry soil), percent soil organic matter (SOM; 
g SOM (100 g) ' dry soil) accumulation, and total Kjeldahl nitrogen (TKN; g N g"‘ dry 
soil) had significant age by treatment interactions (Table 1.2). Only the roads abandoned 
2 0  and 26 yr ago showed significantly higher gravimetric water content than the other 
roads, and the road abandoned for 26 yr was the only one that was significantly higher 
than the adjacent forest (Fig 1.8 a). A bimodal trend in SOM with age was observed in 
which SOM peaked on roads abandoned 26 and 60 yr ago, which followed a  similar but 
less distinct trend o f adjacent forests (Fig 1.9a). TKN varied bimodally in both the road
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and forest plots, and concentrations were slightly higher than distributions typically 
observed within the LEF (Lugo and Scatena 1995); Fig 1.10a).
All pooled variables (gravimetric water content, TKN, and SOM) showed significant 
age by treatment interactions, in which no significant differences were found between the 
road abandoned for 60 yr and its adjacent forest (Table 1.5). The pooled road values of 
all variables displayed a pronounced increase where gravimetric water, SOM, and TKN 
were higher on roads abandoned > 26 yr ago (Figs. 1.8 b, 1.9b, 1 .10b). SOM in adjacent 
forest plots increased across the chronosequence, while TKN in forests adjacent to roads 
abandoned > 30 yr ago had consistently greater values than the other forested areas (Fig 
1 . 1 0 b).
Net N mineralization (g N g ' dry soil) was fairly consistent across road and forest 
sites (Fig. 1.11; Table 1.2). Only significant age effects were distinguished. Highest 
values and variability were observed on the roads abandoned for 26 and 30 yr, but these 
patterns reflected the associated forests. As with the other soil variables, the road 
abandoned for 26 yr had the most extreme values. Interesting to note was that forest soil 
properties differed significantly between forest sites (Table 1.6). The raw data generated 
from this study appears in Appendix 1.1.
Discussion
Soil characteristics recover quickly above pavement as evident by the resemblance 
between many road and forest soil properties within a 4 yr abandonment period (Figs.
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1.3, 1.7, 1 8 a, 1.10a, 1.11a). The only obvious difference between road and forest soil 
characteristics was higher pH on the road (Fig 1.6 ). A progressive accumulation o f soil 
above the pavement with time was less conspicuous, but did show an abrupt increase in 
soil depth on roads abandoned for > 30 yr (Fig. 1.5). The dramatic increase of soil depth 
on roads abandoned > 30 yr was significant because nutrient pools increased 
concomitantly in reference forest sites adjacent to roads abandoned > 30 yr ago. Soil
pools all recovered by 60 yr of road abandonment, suggesting that soil depth strongly 
governs soil nutrient recovery above pavement (g g ' dry soil x soil depth x bulk density; 
Figs. 1.8b, 1.9b, 1.10b).
Recovery of other measured soil properties relating to obvious temporal trends were 
most likely missed due to a markedly fast return to pre-road disturbance levels-equated 
here with measured forest values-similar to those noted in hurricane recovery within the 
LEF (e.g., (Silver et al. 1996b). The temporal variability as well as the inconsistent 
combinations of properties in which nutrients reached surrounding forest levels 
emphasized strong local influences on nutrient recover rates. Again, this was especially 
discernible when soil characteristics were compared on a g g ' dry soil basis. For example, 
on roads abandoned < 26 yr, soil moisture, SOM, and TKN increased. This trend o f  
rising values was followed by an abrupt drop in concentrations at 30 yr after 
abandonment with a gradual rise until the end of the 60 yr chronosequence. Bulk density 
and soil pH measured on roads showed the opposite trend—a drop in values < 26 yr with
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a subsequent rise. The rise and fall o f values noted across the sequence of road 
abandonment was duplicated in adjacent forest sites for respective soil characteristics. A 
further demonstration of the strong influence that the local forest has on soil recovery 
was that all three roads abandoned in the Sabana drainage had the lowest overall soil 
moisture, as well as SOM and TKN. This pattern o f high heterogeneity and strong local 
influence within relatively small spatial scales has been commonly documented in soils 
within the LEF (cf. (Silver et al. 1996b). The fact that medians for all measured 
characteristics on roads (except for net N mineralization) were generally higher or lower 
than neighboring forests, reflected a road effect regarding soil characteristics. Such results 
conform to previous soil disturbance studies o f unpaved tracks, bordering roadfllls (see 
(Maimer and Grip 1990, Jusoff and Muhamad Majid 1992, Auerbach et al. 1997, 
Guariguata and Dupuy 1997, Olander et al. 1998) as well as natural disturbances, such as 
tree tip-ups in the LEF (Walker in press).
Litter reached adjacent forest levels on the road abandoned for 4 yr. This recovery 
rate was faster than what was seen after Hurricane Hugo where 5 yr after disturbance 
litterfall was still slightly lower than average (Scatena et al. 1996, Vogt et al. 1996). A 
quicker retum o f litterfall on roads was probably due to a fairly localized removal o f 
overstory canopy. However, both of these studies also showed a spatially heterogeneous 
recovery with regards to within and between watershed comparisons.
A short recovery time for litter mass is crucial to road soil development since litter is 
a major factor goveming it. Namely, litter regulates nutrient input by transferring
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nutrients from above-ground vegetation to live root mat (Silver et al. 1996b) and soils as 
well as providing cation exchange sites (Vitousek and Sanford 1982). Even though no 
direct link was seen here between litter mass and measured nutrient concentrations, litter 
deposition can indirectly change environmental conditions. For example, litter can reduce 
soil erosion and litter export (Lodge and Asbury 1988, Kumar et al. 1992); lower soil 
temperatures (Facelli and Pickett 1991) and change light spectral composition (Vazquez- 
Yanes et al. 1990); minimize evaporation; reduce mineral loss through leaching; add 
nutrients, and possibly phytotoxins through decomposition (Harbome 1982, Rink and 
Van Sambeek 1985); and alter pH levels (Facelli and Pickett 1991). As a result, litter 
accumulation has significant ramifications for vegetation recovery on abandoned roads, 
especially in regards to successful germination and establishment (Guzman-Grajales and 
Walker 1991, Molofsky and Augspurger 1992, Everham et al. 1996, Guzman-Grajales et 
al. unpub.).
Even though forest litter levels were reached on the road abandoned for 4 yr, there 
were significant differences between litter mass on roads abandoned 11, 16, and 40 yr ago 
and their respective forest sites. The rapid recovery to local litter levels on the road 
abandoned for 4 yr may have been related to the overall lower litter levels found in the 
associated forest plots. Variation in litterfall on the road was not likely to be an artifact 
of season variability. Zou et al. (Zou et al. 1995) found that litter deposition in mid- 
successional forests and mature tabonuco forest does not vary during the time period that 
litter was collected in this study (June through August). Instead, low amounts of litter in
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the forest adjacent to the road abandoned for 4 yr may be the consequence o f forest 
species age and species composition (Chandrashekara and Ramakrishnan 1994, Binkley 
1995, Lugo and Scatena 1995). Communities that range from pioneer species such as 
Cecropia to mature Dacryodes excelsa exist simultaneously due to heterogeneous forest 
disturbance, each with leaf litter composed of considerably different nutrient 
concentrations (La Caro and Rudd 1985, Zou et al. 1995). Low litter levels for the forest 
adjacent to the road abandoned for 4 yr may have been therefore the result o f  damage 
suffered in 1989 when Hurricane Hugo passed through the Sabana area. Of the three 
Sabana sections, this road and forest section was also nearest to human populations, 
which could contribute to forest disturbance levels.
On the other hand, low litter levels on roads abandoned for 4.11, and 16 yr may be 
explained by topographical constraints-especially for roads abandoned 1 1  and 16 yr ago. 
Often bordering these roads was a steeply descending slope which may limit litter input 
to only uphill forest trees, especially because these three roads had a lower amount of 
overhanging canopy cover which may have negatively affected litterfall (see Chapter 2; 
Fig. 2.11).
Litter was the dominant groimd cover on both road and forest surfaces with no 
significant differences detected between litter cover o f road or forest areas. This 
suggested a fairly homogenous distribution of litter across each site, despite significantly 
lower litter masses reported on roads abandoned for 11, 16, and 40 yr when compared to 
levels in associated forests. An even distribution of aboveground litter implies a more
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even distribution o f decomposition and nutrient supply rates (Roy and Singh 1994). The 
occurrence of bared pavement patches only on roads abandoned < 26 yr ago, as with soil 
depth measures, indicated soil build up above pavement with time. The exposure of 
pavement most likely corresponded to shallow soils (median depth < 4 cm). The 
recovery of soil surface material was also evident in the appearance of downed and 
decaying boles (trunks) on roads abandoned > 16 yr. Such surface debris was common to 
all forest sites. Live tree stems were measured with similar frequency on the road 
abandoned for 60 yr and the adjacent forest. This suggested that species size and 
distribution resembled contiguous forests (also, see Chapter 2). Regardless o f the 
evidence indicating road recovery, an unmistakable sign of human passage remained, even 
after 60 yr of abandonment: discarded tires. With sufficient time these tires could impact 
the immediate area with chemical toxins as they weather and breakdown (Lindgren 1996).
Soil depth above the pavement depends on at least two factors: (1) /n situ soil 
production and (2) deposition of soil from adjacent landforms. In situ production relies 
on the amount of litter deposited, the rate of litter decomposition, and to a lesser extent, 
the rate of pavement breakup. Decomposition rates in the tabonuco forest o f  the LEF are 
fast (cf. (Lugo and Scatena 1995) and typical o f tropical lowlands (Anderson and Swiff 
1983). Because litter deposition was comparable on roads and in forests, the origin of 
some surface soils above the pavement is likely due to in situ production. Vegetation 
growing in road soils can also contribute to soil regeneration. First, it slows the
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movement of water and transport o f dissolved minerals and solid materials (Reid and 
Dunne 1984, Kumar et al. 1992, Selkirk and Riley 1996). Second, vegetation can alter soil 
mineral properties and nutrient release processes by the addition of litter and root 
exudates, the sloughing o f fine roots, and the presence of live roots (Haynes and Goh 
1978. Binkley 1995. Grubb 1995. Silver et al. 1996a). In effect, plant establishment 
might increase the rate by which roads approach forests. Yet in this study, there was no 
direct link evident between the temporal trends noted in the change in soil nutrient 
composition and the development and maturation of above-ground vegetation (see 
Chapter 2).
The strong similarities found between road and adjacent forest soils in this study 
suggest soil formation on roads was strongly dictated by local conditions. Since ditches 
edging roads and level areas can act as catchment areas for water runoff and soil eroding 
from upslope, recorded nutrient, soil, and litter deposition on roads may be the result of 
slowed water flow (Reid and Dunne 1984. Selkirk and Riley 1996). Nevertheless, this 
catchment of eroded soil and nutrients above the paved surface may be only a temporary 
storage site since road construction does increase roadside disturbances, such as mass- 
wasting, by as much as 2.5 times within 100 m of a paved highway (Larsen 1995). Such 
land-moving events as landslides, deposit nutrients away from the origin and at the base 
o f the slide (Guariguata 1990).
Considering fast decomposition rates, high vegetation growth rates, and increased root 
growth and development, surprisingly little pavement had deteriorated after 60 yr of
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abandonment (Fig. 1.5b). The road abandoned for 30 yr was the only site that had 
substantial surface breakup. This exception may be due to the original road construction 
techniques; the road abandoned for 30 yr was primarily an access route to a farmstead.
As a consequence, it may not have been built with the same thickness of pavement and 
durability o f materials.
Soil pH was the only soil property measured that displayed an obvious successional 
trend when considering neither bulk density nor soil depth. Other chronosequence 
studies and secondary successional research have also documented a slow but gradual 
recovery of pH. In Costa Rica, Reiners et al. (Reiners et al. 1994) showed that active 
pastures had the highest pH, followed by abandoned pastures and secondary growth 
forest, and finally, with the lowest mean pH values in primary forest. A similar trend 
was found by Olander et al. (1998) in the higher elevation LEF cloud forest, where soil 
pH on new roadfill was highest compared to lower values on roadfill abandoned for 35 yr 
and lowest pH measures in mature forests, even though only new road fills were 
significantly different from all other treatments. Van Schaik and Mirmanto (van Schaik 
and Mirmanto 1985) had soil pH values that decreased concomitantly with increasing age 
of river terraces in Sumatra, although these age attributed results attributed to age may 
have been confounded by topographic differences (sensu (Silver et al. 1994, Scatena and 
Lugo 1995).
The fact that soil pH was the only characteristic that showed an obvious time trend 
independent of changes in soil depth was unexpected, since the availability o f most
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nutrients is affected by soil acidity (Binkley and Vitousek 1989). Instead, soil moisture, 
SOM, TKN, and net N mineralization were better related to the properties o f adjacent 
forests, although these characteristics did follow general fluctuations in soil pH. Results 
demonstrating soil pH fluctuations without an associated variation in SOM have been 
reported elsewhere. For example. Silver et al. (Silver et al. 1996b) hypothesized that the 
change of pH over time may be related to a shift in root activity or the mobilization of 
aluminum due to a greater flow of water though the soil. In exposed soils o f root-throw 
zones of treefall gaps, pH changes were related to disturbance (Vitousek and Denslow 
1986). Soil pH measures of the root zone were significantly higher than associated 
crown-zones, trunk-zones, or adjacent forests. And, similar to abandoned paved roads, 
higher pH values were also associated with significantly lower nitrogen concentrations 
and percent carbon.
Variations in soil pH have been noted across a spatial gradient of disturbance. For 
example, abrupt changes in pH related to road disturbance were attributed to a change in 
substrate material due to road construction (Auerbach et al. 1997). Yet topographical 
features and road-forest distances can have a pronounced affect on nutrient distribution. 
Ridges often exhibit lower SOM build up due to the formation of Fe-organic complexes 
that occupy mineral exchange sites and lower soil pH (Silver et al. 1994, Scatena and Lugo 
1995). Large scale catchment areas, such as valley lowlands, tend to have significantly 
higher pH levels due to reduced drainage, sustaining conditions that promote the removal
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of iron from soil particle surfaces (Silver et ai. 1994). Calcium concentrations also can 
play an important role in pH measures (Newbery and Proctor 1984, Olander et al. 1998).
It has been demonstrated elsewhere that many soil characteristics (e.g., pH, soil 
moisture, total carbon, net N mineralization) show little or no differences within a 
distance of < 40 m in uncultivated land (Robertson et al. 1993). Since topographical
differences were minimized in the present study design, topography probably should not 
play a large role in the pH distribution recorded across the road chronosequence. A 
strong dependence of road to forest soil characteristics played an obvious role in the 
recovery trajectory, yet this distance effect was removed when changes in soil pH were 
observed as a road/forest relationship. Consequently, the ratio o f road to forest soil pH 
could be regarded as a coarse gauge of disturbance on abandoned roads.
A higher pH encountered above paved roads may have been maintained by greater soil 
moisture fluctuations due to canopy openings. Soil moisture oscillations stimulate 
decomposition and mineralization o f organic matter that often results in a higher pH and 
base saturation (Reiners et al. 1994). Other reasons that pH may have followed the 
observed patterns on roads include the following: ( 1 ) burning roadside vegetation 
deposited nutrient rich ash (Reiners et al. 1994), but see (Walker and Boneta 1995), (2) 
the vegetation colonizing road areas was different from adjacent forest species leading to 
changes in leaf litter and root composition (La Caro and Rudd 1985, Bloomfield et al.
1993, Zou et al. 1995), and as a consequence, affected nutrient cycles (Walker and
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Vitousek 1991, Binkley 1995, Vitousek et al. 1995), (3) decomposition communities 
differed between roads and adjacent forests, thereby affecting decomposition and rates in 
which developing soil was provided with organic matter (Binkley 1995, Zhang and Zak 
1995. Willig et al. 1996), and (4) since pH measurements were made using deionized 
water, the increase of pH on roads may have reflected a decrease in total ion 
concentrations with time (cf. (Binkley 1995).
A change in subsurface soil structure as the result of building up the road bed can 
affect soil moisture content (Sidle et al. 1985, Holzapfel and Schmidt 1990, Maimer and 
Grip 1990), often due to the hydraulic properties of a soil (Sollins 1998). Typically 
sands, gravels, and cobbles, which have low water holding capacities, were used as road 
foundations. Changes in soil particle size can contribute to unforeseen results in road- 
forest comparisons (Manrique and Jones 1991, Sollins 1998). An increase in bulk 
density and the reduction of porosity can influence infiltration and percolation rates, 
which could alter anaerobic conditions and gas diffusivity rates (Reiners et al. 1994).
Clay particles are smaller and lighter and more easily transported by runoff (Selkirk and 
Riley 1996), possibly collecting on the more level surfaces o f roads, thereby altering soil 
properties. However, clay content alone was not found to be significant in exchangeable 
nutrient cation pools within the first 60 yr of landslide succession (Zarin and Johnson 
1995a).
Existing pavement may have had an affect on soil moisture content as well. Pavement 
can act as a barrier to water percolation, thereby channeling water away from the site as
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runoff. A pavement effect was observed in the field. Rain water streamed down 
roadways above the pavement, and where there was > 5 cm soil build up, water was seen 
flowing between the paved surface and soil level.
The simultaneous increase in soil water content with SOM, and the decrease in bulk 
density could explain trends noted for soil moisture content. SOM increases water 
absorption, in addition to conserving elements on available exchange sites, which increases 
nutrient availability to plants. Accordingly, TKN measurements (g g*‘ dry soil) also 
followed recovery trends on par with the rapid re-establishment of soil moisture content 
and SOM (within 11 yr). Since most nitrogen is organically bound in the ecosystem, 
nitrogen accumulation typically accompanies SOM accumulation (Reiners 1981, Binkley 
and Vitousek 1989). Also, with greater root biomass associated with time, water and 
nutrient removal from soil stores is augmented (Reiners 1981, Silver and Vogt 1993, 
Binkley 1995, Ostertag 1998), often decreasing mobile element leaching (Lodge et al.
1994).
Silver et al. (Silver et al. 1996b) documented a quick retum of total N pools to 
predisturbance levels within 12 mo after the strike of Hurricane Hugo in 1989. But a 
slower recovery was expected. The predicted rate of recovery was one similar to the 31 
to 40 yr observed on a chronosequence of landslides in the Colorado forest of the LEF 
(Zarin and Johnson 1995b) or the 35 yr noted in roadfllls (Olander et al. 1998) because 
the extent to which disturbance removes soil can greatly influence the amount of residual 
nitrogen and the nature of the subsequent successional processes.
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Interesting to note was that a N 2 -fixing cyanobacteria was collected (by L. Walker) 
and identified (by L. Stark) from a paved surface of an abandoned road. It has been 
suggested that nitrogen-fixers may also play a role in primary succession (Vitousek and 
Walker 1987, Walker 1993, Zarin and Johnson 1995b), but see (Walker 1993), and there 
have been instances within the LEF where nitrogen fixation appeared responsible for a 
delayed accumulation of organic C with respect to total N (Zarin and Johnson 1995b). A 
slower recovery o f SOM was noted on roads abandoned for 4 and 20 yr when compared 
to respective TKN measures.
Variation in nitrogen return rates may be related to differential quality o f litter (Zou et 
al. 1995), even though littermass was not found to be more concentrated on any tract o f 
road or forest. Additionally, significant correlations between litterfall mass/N ratios and 
the concentration of soil total N have not been established within the LEF (Silver et al. 
1994). Nonetheless, the correlation of SOM with such nutrients as nitrogen suggests that 
biotic processes, or nutrient cycling that involves almost exclusively biota, e.g. litterfall 
(Silver et al. 1996a), were most likely the primary factor controlling nutrient availability 
(McGill and Cole 1981, Silver et al. 1994).
Nitrogen mineralization rates on abandoned paved roads depended most clearly on 
road location within the forest and not on long term temporal changes in soil 
development. Such findings are contrary to reports of low nitrification rates persevering 
early in primary succession, with subsequent increased rates and occasional declines 
before reaching a steady measure (Vitousek and Walker 1987, Vitousek et al. 1989). A
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typical pattern o f secondaiy' succession progression, where N is immobilized early or a 
net accumulation o f nitrogen is followed by a net nutrient release was also not evident 
(Vitousek and Walker 1987, Vitousek et al. 1989). Because paved roads began with 
essentially no soil accumulation, a difference in subsequent nutrient accumulation was 
expected on roads abandoned for distinct lengths of time. Instead, results here compared 
with significantly rapid retum rates of net N mineralization recorded in studies where 
nutrient pools returned to predisturbance values within 1 2  months after disturbance 
(Silver et al. 1996b).
Higher concentrations of downed boles (woody debris) in forest sites did not appear 
to directly reduce N nutrient release as was noted in experiments o f woody debris 
removal and nutrient additions (Zimmerman et al. 1995), nor did increased N 
mineralization rates appear related to soils rich in organic carbon and nitrogen or soil 
moisture (Matson and Vitousek 1981, Vitousek and Denslow 1986). Soil porosity, soil 
Ot concentrations, gas diffusion rates, temperature, the size of bacteria communities, and 
NOx availability may account for such local effects (cf. (Beauchamp et al. 1989). Yet, as 
with measured so'l moisture, SOM, and TKN, abandoned paved roads in the tabonuco 
forest were highly resilient with respect to the recovery of N mineralization rates.
Considering all road-forest sites, the road abandoned for 26 yr and adjacent forest 
were anomalous. Here, bulk densities were considerably lower than the associated forest. 
However, the drop in bulk density on this road reflected the high SOM content (g*‘ dry 
soil) also recorded there. The high SOM content in tum, positively affects water content
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and TKN concentration as well as mineralization rates (Silver et al. 1994); both of these 
qualities were higher along this road. On the other hand, when soil depth was taken into 
consideration, water storage above the pavement of the road abandoned for 26 yr was not 
any greater than those abandoned of < 26 yr. Yet, in both arctic road disturbances 
(Auerbach et al. 1997) and in roadfllls the LEF cloud forest (Olander et al. 1998), higher 
soil moisture away from roads was attributed to lower bulk density.
The inconsistency reported for the road abandoned for 26 yr may be due to the 
considerable intermixing of the palm forest with the tabonuco forest on this road. In 
general, the palm forests are linked with steeper slopes, poor drainage, and saturated 
soils, conditions which have a significant effect on soil properties. This area showed low 
soil accumulation on the road (Fig. 1.5a), significantly lower road bulk density (Fig. 1.7), 
the highest gravemetric water content (Fig. 1.8 ), high percentage of SOM (Fig. 1.10), and 
the highest road net N mineralization (Fig. 1.11).
Nevertheless, the discrepancies observed on this road perhaps best emphasize how 
the immediate forest surroundings predominate in road disturbance recovery. Not only 
were the soil characteristics on the road abandoned for 26 yr substantially different from 
other roads, but the associated forest plots were imique in comparison to other forest 
locations. For example, the forest surrounding the road abandoned for 26 yr generally had 
lower forest bulk density than other forest sites, even though not significantly so. The 
forest also showed greatest variability for gravimetric water content, and although forest 
levels may not necessarily explain the raised levels found on the road, the heterogeneous
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forest surroundings may have contributed to a general trend o f greater water levels. SOM 
and net N mineralization on the road also reflected the elevated measures in the forest 
soils. These particular trends in physical soil characteristics in conjunction with the fact 
that this road site was in general higher in elevation than the other roads, and was 
bordered by both palm and Colorado forest species may account for such discrepancies 
(Brown et al. 1983). A high palm basal area on the road abandoned for 26 yr could have 
accounted for the live tree boles counted in the ground cover measures. Soil pool 
measures for soil moisture. SOM, and TKN were consistently low on roads > 26 yr with 
little variation among sites until the dramatic gain of soil depth at 30 yr of abandonment. 
SOM appeared to be primarily controlling bulk density and soil moisture, which in tum, 
affected nutrient concentrations.
Conclusion
Typical to tropical systems (Uhl et al. 1988, Maimer and Grip 1990, Waide and Lugo 
1992. Silver et al. 1994, Scatena and Lugo 1995, Zarin and Johnson 1995a, Zarin and 
Johnson 1995b), soil characteristics were highly variable within the LEF. Inherent forest 
heterogeneity had the greatest effect in shaping soil development on the road, so much so 
that recovery pattems o f many soil properties were practically obscured. The failure to 
isolate clear time trends may have been accentuated by the fact that age of road 
abandonment and the location o f the road within the forest were related. Instead, 
successional transformations might best be examined in terms o f changing concentrations
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in cations or nutrient concentrations of vegetation and litter (Harcombe 1980, Binkley and 
Vitousek 1989, Reiners et al. 1994, Silver 1994, Sollins 1998).
The rapidity with which soils can form above a resistant surface pavement was 
especially impressive. For, despite high soil heterogeneity within the tabonuco forest o f 
LEF, almost every litter and soil characteristic measured was similar to adjacent forest 
levels by 11 yr when analyzed as a concentration or on a g g ‘ dry soil. Such expeditious 
recovery seems to uphold the idea that there ‘"may be a minimum level of nutrient 
retention achieved by the ecosystem with severe above ground disturbance where soil 
nutrient concentrations approach pre-disturbance levels within 5 y r ' (Silver et al. 1996b). 
Only soil pool concentrations and soil pH measures displayed a more gradual retum to 
forest levels (approximately 60 yr after road abandonment). A total time of 60 yr for re­
establishment of soil pool sizes was most likely related to delayed accumulation of soil 
above pavement. A > 60 yr retum of soil pH on roads when compared to adjacent 
forests was more complicated as this characteristic is influenced by the interactions of 
many extemal factors. Simply the presence o f pavement may have had important 
ramifications for soil recovery. For example, asphalt composition may alter other soil 
parameters such as heavy metal contaminants (Lindgren 1996), soil cation composition, 
or decomposer communities and decomposition rates (Post and Beeby 1996).
Since the recovery trajectory for nutrients on roads was toward values recovered in 
adjacent forests, understanding the state of the existing forest is crucial to predictions 
regarding unmitigated soil restoration. Roads have become an integral feature within the
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landscape, and are an anthropogenic contribution to the local disturbance regime. Road- 
building is a single event, but the duration o f the disturbance is much longer. With the 
increase in population, a greater public awareness, and demands to preserve the natural 
environment from destruction, it is imperative that roads are considered when discussing 
disturbance and succession. However, the quick recovery o f general soil characteristics 
indicated that the LEF is highly resilient to the scale of road disturbance encountered in 
this study.
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Figure 1.1 Map of Puerto Rico, Luquillo Experimental Forest, and abandoned roads.
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Figure 1.3 Box plot of litter mass on abandoned roads in the LEF, PR (n = 20 for 4, 
11, 16, 26, and 30 yr after road abandonment; n = 19 for road abandoned 
60 yr ago; n = 16 for road abandoned for 40 yr). Medians are represented 
by horizontal bars within boxes enclosing the middle 50th percentile. 
Open circles indicate outliers; * indicates no significant differences 
between road and adjacent forest.
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Figure 1.4 Percent ground cover for pavement, soil, live tree stem, root, rock, downed 
tree bole, and tire categories derived from pole touches. Litter, excluding 
woody debris > 2  cm diameter, comprises the remaining cover (n = 2 0  for 
roads abandoned < 30 yr and 60 yr ago; n = 16 for road abandoned 40 yr 
ago).
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Figure 1.5 a. Box plot o f soil depth above pavement on abandoned roads in the
LEF, PR (n = 20 for all roads except for the road abandoned for 40 yr 
where n= 19). Medians are represented by horizontal bars within 
boxes enclosing the middle 50th percentile. Open circles indicate 
outliers.
Pavement breakup indicated by the % pavement absent plot ‘ below 
the soil surface. The mean ± SE was calculated for each road where 
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Figure 1 . 6  a. Soil pH box plot data for road and forest treatments (n = 20 for roads 
abandoned 4, 16, 26, and 30 yr; n = 19 for roads abandoned 11 and 60 
yr; n = 16 for road abandoned 40 yr). Medians are represented by 
horizontal bars within boxes enclosing the middle 50th percentile. 
Open circles indicate outliers. Road values approached forest values 
with length of abandonment, but remained significantly different.
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Figure 1.6 b. Box plot data support successionai trends in soil pH recovery: road 
soil pH divided by forest soil pH (n = 20 for roads abandoned 4, 16, 
26, and 30 yr ago; n = 19 for roads abandoned 11 and 60 yr ago; n = 16 
for road abandoned for 40 yr). Medians are represented by horizontal 
bars within boxes enclosing the middle 50th percentile. Open circles 
indicate outliers.
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Figure 1.7 Bulk density box plot data for road and forest treatments (n = 20 for 11, 
16, 20, and 30 yr after abandonment; n = 19 for 4, 26 and 60 yr after 
abandonment; n = 16 for 40 yr after abandonment). There were significant 
differences between sites, but road measures consistently mirrored 
adjacent forest values. Medians are represented by horizontal bars within 
boxes enclosing the middle 50th percentile. Open circles indicate outliers.
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Figure 1.8 a. Gravimetric soil water content (g H^O g‘‘ dry soil) box plot data for 
road and forest treatments (n = 2 0  for roads abandoned 1 1 , 16,20, and 
30 yr ago; n = 19 for roads abandoned 4, 26, and 60 yr ago; n = 16 for 
road abandoned for 40 yr). Medians are represented by horizontal 
bars within boxes enclosing the middle 50th percentile. Open circles 
indicate outliers; * indicates no significant differences between road 
and adjacent forest.
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Figure 1.8 b. Gravimetric soil water content pool (g H^O above pavement to 10 cm 
depth) box plot data for road and forest treatments. This measure is a 
product of soil depth, bulk density, and gravimetric soil water content. 
Medians are represented by horizontal bars within boxes enclosing the 
middle 50th percentile. Open circles indicate outliers; * indicates no 
significant differences between road and adjacent forest.
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Figure 1.9 a. Percent soil organic matter box plot data for road and forest treatments 
(n = 20 for roads abandoned 4, 16, 20, 26, and 30 yr ago; n = 19 for 
roads abandoned 11 and 60 yr ago; n = 16 for road abandoned for 40 
yr). Medians are represented by horizontal bars within boxes 
enclosing the middle 50th percentile. Open circles indicate outliers; * 
indicates no significant differences between road and adjacent forest.
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Figure 1.9 b. Pool of soil organic matter (g above pavement to 10 cm depth) box
plot data for road and forest treatments. This measure is a product of 
mean soil depth, bulk density, and percent soil organic matter. 
Medians are represented by horizontal bars within boxes enclosing the 
middle 50th percentile. Open circles indicate outliers; * indicates no 
significant differences between road and adjacent forest.
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Figure 1.10 a. Total Kjeldahl Nitrogen (g g '‘ dry soil) box plot data for road and 
forest treatments (see Fig. 1.9 for sample sizes). Medians are 
represented by horizontal bars within boxes enclosing the middle 50th 
percentile. Open circles indicate outliers; * indicates no significant 
differences between road and adjacent forest.
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Figure 1.10 b. Total Kjeldahl Nitrogen pool (g N above pavement to 10 cm depth) 
box plot data for road and forest treatments. This measure is a 
product of soil depth, bulk density, and Total Kjeldahl Nitrogen. 
Medians are represented by horizontal bars within boxes enclosing the 
middle 50th percentile. Open circles indicate outliers; * indicates no 
significant differences between road and adjacent forest.
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Figure 1.11 Net nitrogen mineralization (g g '‘ dry soil) box plot data for road and
forest treatments (n = 20 for roads abandoned 11 - 30 yr ago; n = 19 for 
the road abandoned 60 yr ago; n = 18 for the road abandoned 4 yr; n = 16 
for road abandoned 40 yr ago). Medians are represented by horizontal 
bars within boxes enclosing the middle 50th percentile. Open circles 
indicate outliers. There were no significant differences between road and 
forest treatments.
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Table 1.1 Description of roads and road site locations within the LEF. Years since abandonement are 
measured from 1995. Elevations (80 - 530), road lengths (absolute value) and road widths 
(mean ± SE; n = 10 for roads abandoned 4 - 30 and 60 yr ago, n = 9 for road abandoned for 
40 yr) are in meters.
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Years Since 
Abandonment Drainage Basin Elevation Road Length Road Width Road Label
4 Sabana 250 - 320 1900 6.5 [0.21] SI
11 Sabana 320 - 360 1300 7.7 [0.26] S2
16 Sabana 340 - 430 800 9.3 [0.46] S3
20 Espi'ritu Santo 470 - 530 600 6.4 [0.21] ES4
26 Espiritu Santo 500 - 530 1700 5.9 [0.24] ESI
30 Espiritu Santo 80-110 200 3.7 [0.25] ES2
40 Espiritu Santo 430 - 440 175 7.6 [0.32] ES3
60 Mameyes 200 - 240 200 7.4 [0.28] Ml
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Table 1.2 Summary table of MANOVA of ranks for all soil nutrient variables and ANOVA of each variable
within the MANOVA (age = Time Since Road Abandonment [yr]; treatment = road and forest; age * 
treatment = age by treatment interactions). For all tables, values in bold represent significant effects 
at the highest interaction level.
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MANOVA: age treatment age * treatment
Wilks' X : 0.0001 0.0001 0.0001
S 7 1 7
M -0.5 2.5 -0.5
N 63.5 63.5 63.5
ANOVA:
DF
F P F P F P
7 1 7
Soil pH 7.8819 0.0001 332.7719 0.0001 7.6009 0.0001
TKN 18.9081 0.0001 0.0001 0.9932 6.4261 0.0001
Soil Organic Matter 23.2586 0.0001 8.9904 0.0032 33.3496 0.0025
Litter Mass 5.8222 0.0001 19.7603 0.0001 3.1659 0.0039
Gravimetric Soil Water Content 9.4742 0.0001 2.8797 0.0920 2.7778 0.0099
Bulk Density 10.5729 0.0001 5.6097 0.0193 1.8997 0.0742
Net N Mineralization, Tl-TO 23.2937 0.0001 0.1148 0.7353 1.0986 0.3676
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Table 1.3 Summary table of MANOVA on ranks for % ground cover of large plot. Also ANOVA results for 
each variable within the MANOVA (age = Time Since Road Abandonment [yr]; treatment = road 
and forest; age *  treatment = age by treatment interactions).
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MANOVA; age treatment age * treatment
Wilks' X : 0.0001 0.0001 0.0001
S
M
N
7
0
65.5
1
3
65.5
7
0
65.5
ANOVA: F P F P F P
DF 7 1 7
Rock 3.0675 0.0049 5.6531 0.0188 4.9961 0.0001
Pavement 3.1763 0.0038 18.9889 0.0001 3.1763 0.0038
Tree 2.5413 0.0171 4.5234 0.0352 2.4922 0.0192
Trunk 0.7458 0.6336 0.9104 0.3417 2.0969 0.0477
Soil 2.8948 0.0074 0.9293 0.3367 1.9475 0.0665
Tire 1.5770 0.1470 3.2914 0.0718 1.5770 0.1470
Litter 1.1829 0.3164 2.1698 0.1430 1.5263 0.1631
Root 1.1200 0.3540 15.9222 0.000! 0.7386 0.6396
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Table 1.4 Summary table of ANOVA on ranks for soil depth above road pavement (age = Time Since 
Road Abandonment [yr]; treatment = road and forest; age * treatment = age by treatment 
interactions).
ANOVA: age
F P
DF 7
Soil Depth 21.2884 0.0001
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Table 1.5 Summary table of MANOVA of soil nutrient pools above road pavement. Also ANOVA results for 
each variable within the MANOVA (age = Time Since Road Abandonment [yr]; treatment = road and 
forest; age * treatment = age by treatment interactions).
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MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0.000!
S 4 1 4
M 1 1 1
N 65 65 65
ANOVA:
DF
F P F P F P
7 1 7
Soil Organic Matter 26.1119 0.0001 155.0893 0.0001 7.0181 0.0001
TKN 52.9132 0.0001 156.4302 0.0001 5.0143 0.0001
Gravimetric Soil Water Content 10.4159 0.0001 50.0323 0.0001 4.4258 0.0002
Net N Mineralization, Tl-TO 7.0405 0.0001 1.8110 0.1806 1.3688 0.2235
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Table 1.6 Summary table of MANOVA examining forest variability on ranked data and ANOVA results for 
8 each variable within the MANOVA (age = Time Since Road Abandonment [yr]).■o
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MANOVA: age
Wilks' h 0.0001
S 7
M 2
N 26.5
ANOVA: F P
DF 7
Litter Mass 10.7399 0.0001
Net N Mineralization 9.6501 0.0001
pH 12.6288 0.0001
TKN 12.8624 0.0001
SOM 4.6669 0.0003
Bulk Density 3.3224 0.0043
Gravimetric Soil Water Content 1.7754 0.1071
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CHAPTER II
VEGETATION RECOVERY ON ABANDONED PAVED ROADS
Introduction
Forest Gaps
Tropical forests consist o f a random mosaic o f forest patches at different successionai 
stages with varying composition o f vegetation (Denslow 1980a, Brokaw 1985a). 
Disturbances can occur at any successionai stage, and disrupt prevailing commimity 
organization. Presently, it is accepted that there is no single pathway for a disturbed area 
to recover. However, ecologists do recognize general trends for vegetative regrowth 
(McIntosh 1980, Horn 1981, Pickett and McDonnell 1989, Peet 1992, Finegan 1996, 
Ponge et al. 1998).
Natural gap-forming events as well as human manipulations have an important role in 
determining the species composition and structural characteristics o f forests (Basnet 
1992, Garcia-Montiel and Scatena 1994, Zimmerman et al. 1994, Clark et al. 1995,
Dupuy and Chazdon 1998). Natural gap-creating events include tropical storms,
56
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landslides, fire, and treefalls. Human-induced gaps are caused by agricultural clearing, 
pasturing, timber felling, burning, road building, and mining. A gap can be defined as an 
opening in the forest formed by the removal of part or all o f  the upper forest canopy.
The terms to describe gap-creating events are the frequency with which they occur, the 
severity or intensity of the disruption (including duration or length o f time that the area is 
directly affected), and the scale or total area that is influenced at any time (Denslow 
1980b, Waide and Lugo 1992). Since the nature of a disturbance can vary greatly, the 
resulting physical characteristics of gaps also will be dissimilar within and among 
different gaps. In newly formed canopy gaps, light levels are high (Denslow 1980a, de 
Freitas and Enright 1995, Fernandez and Myster 1995, Myster and Fernandez 1995), 
spectral qualities change (Bazzaz and Pickett 1980), temperature fluctuations become 
greater (Denslow 1980a, Uhl et al. 1988, de Freitas and Enright 1995, Myster and 
Fernandez 1995), and humidity (Denslow 1980a, Kapos 1989, de Freitas and Enright
1995) as well as soil moisture levels change (Vitousek and Denslow 1986). Likewise, the 
amount of light available for growth is greater and more intense in larger openings than 
smaller gaps due to the increased area exposed to incident radiation reaching the lower 
forest levels and soil (Chazdon and Fetcher 1984, Denslow et al. 1988, Walker 1994, de 
Freitas and Enright 1995, Fernandez and Myster 1995). Light levels in forest habitats 
can also vary from relatively open areas to closed forest (Augspurger 1984, Brokaw 
1985a). Changes in the amount of light and available space in smaller gaps is minimal, 
where gap microclimate more closely resembles the biotic and abiotic characteristics of
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the surrounding forest. Yet shifts in the immediate environment can greatly influence the 
survival and replacement o f plant species within the forest gap (Augspurger 1984, 
Brokaw 1985a, Denslow 1987, Schupp et al. 1989, Chandrashekara and Ramakrishnan 
1994, Walker 1994).
Vegetation that becomes prominent within a gap has been divided into two groups 
according to “suites” o f life history characteristics: pioneer and primary (climax or 
canopy) species (Huston and Smith 1987). Pioneer species tend to be fast growing and 
shorter-lived, typically establishing from seed in disturbed areas of high light. Bare 
mineral soils are most likely to be dominated by these fast growing pioneers since the 
light-weight seeds are easily carried by wind, enabling them to arrive first to newly 
opened areas.
Primary species or late successionai species are typified as slow-growing, shade 
tolerant species. This type of vegetation is characterized by larger seeds, that 
successfully germinate in a shaded understory of matured forest stands. Wide range 
dispersal of these species is less common since larger, heavier seeds tend to fall closer to 
the parent plant relying on active transportation, such as animals or water flow, for 
dispersal to gaps.
Accordingly, gaps can be revegetated in several manners within tropical forests 
(Brokaw 1985a, Denslow 1987). If the gap size is small, individuals adjacent to gap 
openings have the first opportunity to spread into the gaps, utilizing both the newly 
available space and light. Large gaps encourage the growth of already established
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understory saplings and seedlings as well as colonization o f pioneer tree, shrub, and 
herbaceous species (Denslow 1980a, Uhl et al. 1988, Amézquita 1998). Regardless, 
species immediately surrounding the disturbed area often have the greatest influence on 
which species ultimately have access to the newly opened space (Schupp 1990, Walker 
and Neris 1993).
Roads
In several ways, disturbance caused by roads in an ecosystem is different than events 
regularly classified as natural disturbances. First, the physical and temporal 
characteristics of road disturbance are artificially created and are deliberately made to  
endure for years. Although the original building of a road can be described as a single 
event (low frequency), the duration of the disruption is long-term. Roads are used for 
many years, and in principle, regularly maintained.
Second, the severity or intensity of the disruption is usually great. But there are 
gradients of disturbance depending on the type of road—foot trail, soil, gravel, cobble, 
brick, pavement (Reid and Dunne 1984, Maimer and Grip 1990, Bolling 1996).
Physically, paved roads have the greatest impact. Building a paved road means cut 
hillsides, filled-in low areas, and packed layers which have been topped by a practically 
impermeable blacktop surface. As a consequence, the soil profile is disrupted, the 
hydrology and chemistry of the substrate is considerably altered, and seed banks are
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destroyed (D'Antonio et ai. 1999); see Chapter 1). Road-building also leads to 
subsequent disturbances, such as mass wasting (Larsen 1995, Larsen and Parks 1997).
Third, the long, linear, and regularly maintained opening through the forest 
differentiates road disturbance from natural disturbance events. The size or total area that 
is influenced by a road is extensive. Roads create a continuous corridor o f virtually 
cleared canopy and understory that can extend hundreds o f miles through multiple 
ecosystem types. Initially, road gap maintenance produces a continual forest edge, and 
roads, as gaps, can impact the forest adjacent to the road by increasing light (Canham et 
al. 1990, Matlack 1993, Malcolm 1994). Usually few species tolerant o f regular 
disturbance, continual upkeep, and greater light levels dominate road edges during road 
use (Uhl and Guimaraes Vieira 1989, Ullmann and Heindl 1989, Heindl and Ullmann 
1991. Ullmann et al. 1995, Olander et al. 1998). After abandonment, centers o f road 
corridors potentially provide a spatially continuous site for colonization.
Species coloniring roadsides are often exotics that disperse up the road corridor with 
the introduction o f agriculture and pasture lands, the deliberate cultivation of ornamentals, 
or accidental seed dispersal by human and other organisms moving along the road corridor 
(Spencer and Port 1988, Holzapfel and Schmidt 1990, Ullmann et al. 1995, Angold 1997, 
Ebersberger 1998). Yet, invasions do not mean that these species will become permanent 
fixtures in the environment. Many invasive species are unable to maintain viable 
populations within the ecosystem because of unfavorable physical conditions away from 
the disturbance or gap opening (cf. (Olander et al. 1998, D'Antonio et al. 1999).
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Nevertheless, exotic species may remain within the ecosystem because they flourish in 
the forested understory (cf. (D*Antonio et al. 1999), or local conditions have been 
changed such that native populations can no longer be maintained (Walker and Vitousek 
1991).
The light environment of road corridors may be reduced due to narrowness and 
vegetation overhang (Denslow et al. 1988, Kapos 1989). A reduction in light can 
ultimately affect the structure and composition o f the species comprising the road gap. 
Additionally, resource requirements (e.g., light, water) for a single species can change 
through time regardless of whether it is classified as a pioneer or a primary species 
(Augspurger 1984). Nonetheless, road-forest borders are often composed o f high-light 
tolerant species before abandonment with higher species density and higher species 
richness than adjacent forests (Brokaw 1985a, Bierregaard et al. 1992, Malcolm 1994, 
Matlack 1994, Murcia 1995).
In terms of natural disturbances, small gap producing treefalls are less common in 
Puerto Rico than other tropical forests (Denslow 1995). Instead, openings created by 
hurricanes probably have the strongest influence in stand-tumover times, fioristics, and 
species characteristics within the LEF (Crow 1980, Lugo et al. 1981, Brokaw and Walker 
1991, Scatena and Larsen 1991, Walker et al. 1991, Denslow 1995, Zimmerman et al.
1996). This is evident by the predominance o f tabonuco {Dacryodes excelsa Vahl.), a 
species adapted to regular winds by root-grafting (Basnet et al. 1993). Such adaptations 
by species composing the LEF may lead to a decrease in the number of exotic species.
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unless they are adapted specifically to that scale of disturbance (Denslow 1995) or 
conditions created by the disturbance.
Hurricanes, estimated to impact the LEF every 10 yr and directly hit the LEF every 
50 - 60 yr, shape the LEF commimities (Crow 1980, Scatena 1989, Scatena and Larsen 
1991). Although an important disturbance causing significant damage to the forest 
structure, hurricanes are not necessarily considered catastrophic (Brokaw and Walker 
1991). Instead, there is only a change in the physical structure of the forest, since tree 
populations are not completely removed. Regardless, recovery of forest composition and 
structure can take more than a himdred years with no anthropogenic intervention (Crow 
1980, Lugo and Waide 1993).
Hurricane disturbance strongly contrasts with road disturbance in which there is a 
complete removal of above ground vegetation as well as soil nutrient pools. Revegetation 
on abandoned roads is thus expected to more closely resemble landslide events—a 
disturbance which displaces top soil and vegetation-and subsequent recovery. 
Accordingly, recovery of road areas should be promoted by the colonization o f clonal and 
climbing herbs, such as ferns (e.g., Gleichenaceae), moving in from road edges (Walker 
1994, Bazzaz 1996). Later, after a soil substrate has been established, grasses, herbs, 
shrubs, and tree species are predicted to colonize.
There have been many studies recording vegetation regrowth along logging and 
unpaved roads, in addition to revegetation along currently used roadways (e.g., (Lausi and 
Nimis 1985, Spencer and Port 1988, Uhl and Guimaraes Vieira 1989, Holzapfel and
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Schmidt 1990, Brooks 1995, Ullmannetal. 1995, Miller et al. 1996, Angold 1997, 
Dunnett et al. 1998); however, almost nothing is known about the nature o f revegetation 
once paved roads have been abandoned. The main goal of this study, therefore, was to 
compare forest regeneration on a chronosequence o f  eight abandoned paved roads with 
differing lengths of abandonment to adjacent forest areas. By contrasting patterns o f 
re vegetation on the highly modified surface of these roads with neighboring forests, 1  
hoped to characterize changes in vegetation through time.
Even when biotic and abiotic conditions are controlled, the use o f a chronosequence 
does not explicitly imply that vegetation undergoes analogous successional transitions. 
Nonetheless, it was recognized that a chronosequence can be useful to contrast temporal 
and spatial relationships o f revegetation trends even without assuming direct correlations 
between sites (Miles 1979, Peet 1992, Wiens and Parker 1995). By minimizing road site 
differences through the examination of roads with similar surface treatments, traffic use, 
and similar original forest composition and abiotic conditions, it should be possible to 
determine ( 1 ) whether canopy structure approaches adjacent forest structures, (2 ) which 
vegetation life-forms and species colonize abandoned roads, (3) whether there is a general 
successional change o f vegetation structure with increasing length o f abandonment, and 
(4) how revegetation o f paved roads compares to revegetation of naturally disturbed 
forest areas.
To answer these questions, 1 examined vegetation cover, canopy structure, and 
species characteristics and composition, by comparing road with adjacent forest plots, I
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expected to see lower and denser forest canopies on recently abandoned roads when 
compared with the surrounding forest, whereas vegetation on older abandoned roads 
would more closely resemble neighboring forest structure (taller and multi-tiered). I 
expected to see a change in species number and population density with time, with mid­
succession showing the greatest number of species and highest stem densities, and roads 
abandoned for longer periods having reduced numbers more similar to the forest. 1 also 
predicted that younger roads would support early successional species represented by an 
herbaceous understory, while mature forest species would be present on roads with 
longer recovery periods. Furthermore, I expected to see exotic species dominating roads 
abandoned for less time, and few to none in adjacent forests.
Materials and Methods
Studv Site Characteristics 
I examined vegetation along a 60 yr chronosequence of eight abandoned paved roads 
within the tabonuco {Dacryodes excelsa Vahl.) forest zone (< 600 m a.s.l.) of the Luquillo 
Experimental Forest (LEF) located in northeastern Puerto Rico. Four types o f forest 
have been characterized for the LEF. These include the tabonuco forest {Dacryodes 
excelsa - Sloanea berteriana complex), Colorado forest {Cyrilla racemiflora L.), sierra 
palm forest {Prestoea montana (Graham) Nicholson), and the cloud forest (Brown et al. 
1983).
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Dacryodes excelsa predominates on well-drained ridges and comprises up to 35 
percent o f the canopy cover. However, the tabonuco tree is only the third most common 
tree species after the sierra palm {Prestoea montana) and cecropia {Cecropia 
schreberiana Miq.) (Brown et al. 1983). Rainfall ranges from approximately 1400 - 5000 
mm yr'' (Garcia Marino et al. 1996). Soils are characterized as ultisols, underlain by 
volcanoclastic sandstone 8  to 24 m below the surface (cf. (Zarin and Johnson 1995b) and 
generally high in clay content, greatly leached, and well-weathered (Scatena 1989).
Elevation o f the abandoned paved roads ranged from 80 m a.s.l. to 530 m a.s.l. (Table 
1.1 ). Three roads were situated within the Sabana drainage basin in the northeastern 
comer o f the LEF, and were abandoned 4,11, and 16 yr ago. These Sabana roads were 
originally a single road that was closed in stages due to three separate landslide events. 
Four roads—20, 26, 30, and 40 yr since abandonment—were located in the Espiritu Santo 
drainage basin on the western edge of the LEF. The eighth road (abandoned 60 yr ago) 
was situated within the Mameyes drainage basin in the north-central portion of the LEF.
There was evidence of palm and Colorado forest (600 - 1000 m) species at the upper 
elevations o f the roads abandoned for 20 and 26 yr within the Espiritu Santo drainage 
basin. Although Colorado forest areas were omitted from the study, areas covered by 
palms on the road abandoned for 26 yr could not be avoided due to considerable 
intermingling of the tabonuco and palm forests. However, since palms are a common 
mid-story species within the tabonuco forest (Brown et al. 1983), this road was not 
eliminated from the study.
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Vegetation Studv Design
Ten 10 X 1.5 m plots were aligned lengthwise along a randomly located 300 m strip 
(or the length of the road when < 300 m long) with a i m  minimum distance separating 
plots (Fig. 2.1). Road plots were placed at randomly chosen points on the side of the 
road opposite from the highest road cut in order to minimize bank erosion effects from 
elevated embankments. Reference plots were established in the adjacent forest 25 m from 
the road edge to minimize road edge effects (Canham et al. 1990, Williams-Linera 1990b, 
Matlack 1994). The forest plots were placed parallel to road plots, as well as uphill and 
on top of cut banks. Uphill locations were chosen due to often precipitous drops on the 
downslope side. Areas along each road obviously affected by disturbances other than 
road cuts (e.g., landslides, hurricane damage, foot trails, and bamboo plantings) were 
eliminated as plot sites.
A plot design was used in which large' plots extended 10 x 1.5 m, and ‘small’ plots 
(0.5 X 1.5 m) were nested within and abutting one end of the larger plot (Fig. 2.1). Road 
width measurements were made at the 0 and 10 m ends of each plot. Road shape or 
profile also was determined (Fig. 2.2). Road profile was characterized by the presence o f 
cut-banks > 50 cm tall on one (Z) or both sides (U) of the road, or by the absence (I) of 
cut-banks.
Small plots were used to estimate percent canopy cover for all vegetation < 2 m tall. 
Canopy cover was determined by measuring the total span of each canopy species along 
a line running lengthwise (1.5 m) down the center of the small plot. For analyses, each
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species was separated into vegetation growth-type categories: fern, grass, herb, orchid, 
sedge/rush, seedling, vine, and woody vine. Life-form was determined from species- 
specific herbarium information when possible or from morphological and growth 
characteristics of each species. Botanical nomenclature followed Little, et al. (Little et al. 
1974), Little and Wadsworth (Little and Wadsworth 1989), and Taylor (Taylor 1994) for 
woody species and Acevedo-Rodrfguez and Woodbury (Acevedo-Rodriguez and 
Woodbury 1985) for vines. The orchid category was omitted from final cover 
determinations due to scarcity. Although technically a grass, native bamboos 
{Arthrostylidium sarmentosum Pilger and Chusquea abietifolia Griseb.) were calculated 
with vine cover because of their growth form. All woody species (i.e., tree or shrubs) < 2 
m tall were classified as seedlings. Palm species and tree ferns < 2 m in height {Prestoea 
montana^ Cyathea arborea (L.) J. E. Sm., Cnemidaria horrida (L.) C. Presl., and 
Alsophila portoricensis (Spreng. ex Kuhn) Conant., respectively) were also included in 
the seedling category.
All species > 2 m tall growing within the large plot were identified to species when
possible. Height and diameter at breast height (1.2 m; dbh) of each individual were also 
measured. Stem count (m'“) and basal area (cm^ m'~) for each plot were calculated from 
height and dbh measurements. Consistent with small plot identifications, species 
determinations and life-form designations were ascribed to each individual from physical 
and published characteristics of each species. Although species were categorized
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according to growth form, these categories were not the same as small plot divisions. 
Instead, vegetation was grouped into canopy tree, woody vine, palm (including tree 
ferns), shrub, and standing dead categories for stem coimt and basal area analyses. Ferns, 
non-woody vines, and herbs were not included for these measurements since these 
growth forms are not conducive to basal area measures.
Diversity measures were estimated for species > 2 m in road and forest plots.
Species richness (S) was determined by computing the number of species per m^. The
Simpson's diversity index (D), D = — , was used to examine community
X P r
1=1
composition. The value of D depended on species abundance and richness. The 
proportion of individuals contributing to the total number of individuals in the sample 
(plot '), Pj“, equaled the proportion of all individuals in the sample belonging to species i. 
The Simpson D value increased with equitability or the evenness with which individuals 
were distributed between all species present. For a given equitability, D increased with 
richness. In other words, sites with the highest D values had the greatest combined value 
of richness and evermess.
Simpson’s equitability (E) was calculated by applying the equation: E = ^  , where
E is a value between 0 and 1. The value o f E represented a proportion o f the maximum 
possible value that D would assume if individuals were equally distributed between all 
species encountered.
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Sorensen’s Community Coefficient (CC) estimated similarities between road and
forest plots based on species richness data. . The total number o f species
,S r +  Sp
found in both road and forest plots was represented by Srf; Sr and Sp were the total 
number of species encountered in road plots and forest plots, respectively. Higher 
Sorensen’s CC values indicated greater similarity of community composition; conversely, 
values of zero or close to zero were regarded as very different communities.
Large plot canopy intersect cover was determined by measuring the canopy span of 
each species > 2  m tall along a line-transect running lengthwise down the plot center ( 1 0
m). For canopy analyses, each species was separated into growth-type vegetation 
categories: canopy tree, woody vine, palm (with tree ferns), shrub, and herb. Herbs 
encompassed most non-woody species including ferns, vines, and ginger species (i.e., 
Zingiberaceae). These species were grouped into a single herb category due to the import 
of their canopy cover. Standing dead category was not used in this portion of the study 
because canopy cover was negligible for this category. Canopy intersect cover was a 
measure of relative cover, incorporating all canopy layers, so values can be > 1 0  m-the 
length o f the large plot.
A more specific picture of vegetative canopy structure within specified height 
categories was determined using a pole intercept method (Hubbell and Foster 1986, 
Brokaw and Great 1991). This measure recorded the presence or absence of live 
vegetation within a set height interval above a single point every meter along the length o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
the plot perimeter (Fig 2.1 ). Measures began and ended at the plot comers (0 - 10 m; n = 
22). Height intervals were 0 - < 0.5, 0.5 - < 1, 1 < 1.5, 1.5 - < 2, 2 - < 3, 3 - < 4, 4 - < 5, 
5 - < 10, 10 - < 15, 15 - < 25, > 25 m above the ground. Percent canopy cover at each 
height interval was calculated as the number of intercepts divided by the twenty-two 
points for that canopy level. A 2 m pole marked every 0.5 m was used for heights < 4 m; 
all measurements > 4 m were estimated. In addition to canopy heights, rooting origin 
(road, cut-bank, or forest) o f each individual contributing to canopy cover was recorded 
for each height class and point along road plots.
Statistical Analvses
Percent intersect cover data for small plots were not normally distributed; therefore, 
values were converted to ranks. A Multivariate Analysis o f Variance (MANOVA) model 
was used to compare a treatment effect (road vs. forest plot values), age effect (areas with 
roads o f different ages), and interactions between treatment and age effects using the 
statistical program SuperANOVA (Abacus Concepts, Berkeley, Calif.). Least square 
means or post-hoc Fisher’s protected Least Significant Differences (LSD) comparisons 
were used for each variable when age and or treatment effects, but not interactions, were 
significant. The probability o f a type I error was accepted at P < 0.05.
Similar to small plots, large plot data for stem count, basal area, canopy cover, and 
canopy height measures were not normally distributed. All variables were converted to 
ranks before statistical analyses. With respect to stem coimts and basal area data, a
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MANOVA model was used. Treatment effect (road vs. forest), age effect (yr since road 
abandonment), and interactions between treatment and age effects were examined 
(SuperANOVA, Abacus Concepts, Berkeley, Calif ). ANOVA tests were used to 
compare species diversity, Simpson’s measures, canopy edge effects, road profile effects, 
road rooted and forest vegetation cover, and all road cover regardless o f rooting origin and 
forest cover. Age, treatment, and canopy height effects for single and multiple 
interactions were determined for most ANOVA calculations. Canopy edge effects (% 
cover of road center vs. edge; n = 1 1  for each height category) along plot sides compared 
the variables o f age, roadside, and canopy height (m). Road profile (Z, U, and 1) data 
analyzed the effects of age, road profile, and their interactions on combined pole touch 
data as well as line-intersect species richness and cover data after edge effects were 
determined not significant. MANOVA models were employed to compare species 
richness and canopy cover along the central intercept line. Again, treatment effect, age 
effect, or interactions between treatment and age effects were examined.
For all ANOVA and MANOVA comparisons, least square mean post-hoc 
comparisons were run when results for interactions were significant. Otherwise, when 
effects were significant and without interactions, post-hoc Fisher’s protected LSD 
comparisons were applied to the appropriate variable. For all comparisons, the 
probability of a type 1 error was accepted at P < 0.05. No statistical analyses were
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performed on native vs. exotic species composition (> 2  m in height) due to small sample
sizes.
Results
Small Plot
There were significant age by treatment interactions for small plot canopy cover (< 2 
m tall; Table 2.1 ). This suggested that even with high variability in the forest, there was a 
decrease in the amount of understory cover on roads with a greater length of abandonment 
(Fig. 2.3). Most apparent was the decrease in grass, herb, and vine cover with longer road 
abandonment, while ferns, seedlings and woody vine cover increased. Seedling cover was 
not encountered until > 16 yr of road abandonment. On roads abandoned for > 20 yr 
there were already no significant differences between road and forest seedling cover. The 
decrease in herbs and increase in ferns contributed most strongly to differences reported 
between road and forests across the chronosequence in the MANOVA.
Large Plot 
Diversity Measures
All MANOVA analyses indicated significant age by treatment interactions between 
road and forest plots for all measures (> 2 m tall; Tables 2.2 - 2.4, 2.10 - 2.12). In all 
cases, the measured characteristic increased on roads with longer time of road
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abandonment in contrast to adjacent forest areas. This comprehensive increase across the 
chronosequence indicated that with time vegetation matured and resembled a mature 
forest stand. Considering the similar MANOVA outcomes, the results are presented in 
the following sections without reiteration o f MANOVA results.
On roads abandoned > 26 yr, there were no significant differences between stem
counts on roads and adjacent forest plots despite high variability between forest sites 
(Table 2.2; Fig. 2.4). After stems were separated into vegetation categories, rapid 
maturation of vegetation across the road chronosequence as compared to adjacent forest 
vegetation was emphasized (Table 2.3; Fig. 2.4). On roads abandoned for > 30 yr,
canopy tree stem counts were not significantly different from adjacent forest plots. 
Woody vines were recorded in all forest areas, but were found only on roads abandoned 
for > 26 yr. Although shrubs (> 2 m tall) were not present on roads abandoned for < 11 
yr. shrub stem counts were not significantly different from adjacent forest coimts on 
roads abandoned > 26 yr. Additional evidence of a maturing forest on roads with time
was the fact that standing dead was found on the road abandoned for 40 yr. Dead 
individuals were recorded at all forest sites except the forest along the road abandoned for 
30 yr. Where palms were present on roads, stem counts did not differ from neighboring 
forest plots (roads abandoned 16, 20, 26, and 40 yr).
Road basal area measures followed the trend observed for stem counts on roads; they 
increased with length o f road abandonment (Tables 2.2, 2.4; Fig. 2.5). Basal area on roads
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were not significantly different from adjacent forests on roads abandoned > 40 yr, 10 yr
after the 30 yr recovery noted for stem counts. Differences between road and forest basal 
areas were due to much larger canopy trees in forest plots. Shrub basal area played a 
minor role in total site basal area even though shrubs made up > 50% o f total stem cotmts 
for both road and forest plots. Nonetheless, although not significant, shrubs were on 
average smaller on roads than in the forest. This was probably the result o f high 
variability in shrub stem size. Except for the road abandoned for 11 yr, where individuals 
were still immature, palm basal area dominated on roads where they were present.
Species richness on roads increased across the chronosequence, where, by 30 yr of 
road abandonment, species richness on roads was not significantly different from the 
adjacent forest (Table 2.5; Fig. 2.6). The consistent pattern of increased species richness 
with increased length of road abandonment despite high forest heterogeneity indicated 
that significant interactions (age by treatment) were due to successional change. Roads 
abandoned for < 16 yr had significantly lower species richness than those abandoned for 
> 20 yr. Roads abandoned for 20 and 26 yr had significantly lower species richness than 
those abandoned for > 30 yr.
Simpson's D (D), a measure weighted by species richness and abundance, increased 
with a longer length o f abandonment where the road abandoned for 60 yr was not 
significantly different from the adjacent forest (Table 2.5; Fig. 2.7). Although the increase 
in D duplicated the pattern followed by species richness, D reached forest levels by 60 yr
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o f road abandonment, whereas species richness approximated forest values > 30 yr of 
abandonment. This disparity in recovery rates indicated that evenness was initially low 
on roads.
The Simpson E value (E), which focused on the evenness of species distribution and 
maximum possibly value of D, also implied immature forest development on roads. 
Medians of road and forest E calculations were not significantly different on roads 
abandoned > 11 yr (Table 2.5; Fig. 2.8). This indicated that even if all individuals on
these roads were evenly distributed between all species current there, roads still had a 
fewer number of sjjecies than associated forests. The low equitability values also 
suggested that many species on these two roads had very few individuals, even as tree 
species increased and species composition of road and forests were quite different (see 
Table 2.13). Accordingly, the increase in stem number was not the result o f the 
recruitment of a single species.
The difference between recovery times seen for species richness, Simpson D, and 
Simpson E on roads emphasized the fairly rapid recovery of stem count and species 
richness and differences in species distribution patterns. The Sorensen’s Commimity 
Coefficient values < 60 emphasized the significant differences found by Simpson’s D 
measures between roads (abandoned > 40 yr ago) and forests. In this case, species 
composition on roads approached that of adjacent forests, but roads still had not reached 
forest composition even by 60 yr of abandonment (Fig. 2.9).
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Canopy Measures
Roadside edge effects (road-edge vs. road-center; n = 11 ; Table 2 .6 ) for canopy height 
profiles and road profiles (Z, U, I; Table 2.7) for both pole touch canopy height and line- 
intercept data indicated that succession, or time since road abandonment, most strongly 
affected canopy structure. Accordingly, profile heights from both sides o f  the plots were 
combined for calculations of percent canopy cover per height category (n =  2 2 ).
Canopy cover originating from vegetation rooted on- and off-road was present above 
all road plots (Fig. 2.10). Roads abandoned for 4, 11, 30, and 40 yr had no overhead 
vegetation rooted on cut-banks. Vegetation cover originating from cut-banks typically 
contributed to mid- and upper-canopy levels (> 3 m) although some cut-bank vegetation 
(< 1 %) was recorded below 3 m on the road abandoned of 20 yr. When only canopy 
cover originating from on-road sources was compared to neighboring forest canopy, there 
was a significant increase in upper level ( > 1 0  m) canopy above road plots across the 
chronosequence of road abandonment (Table 2.8; Fig. 2.11). Only the road-rooted 
canopy cover above the road abandoned for 60 yr was not significantly different than the 
adjacent forest in any height category.
Roads had canopy cover in all height categories < 25 m tall when vegetation cover 
above roads was combined for all rooting origins (Table 2.9; Fig. 2.12). Canopy cover 0 - 
< 0.5 m above roads was significantly higher than neighboring forests, except for roads 
abandoned 26 and 60 yr ago. At mid-canopy heights (> 3 - 10 m), only the canopy cover
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above the road abandoned 26 yr had greater total cover than the adjacent forest.
However, upper levels (> 20 m) were significantly lower than the adjacent forest for 
roads abandoned 4, 16, 26, and 30 yr ago. Only the road abandoned for 60 yr had 
relatively low forest heights, but those heights resembled adjacent forest structure.
Pole touch results indicating an increase in canopy with longer road abandonment 
were reconfirmed with line-intersect measures (> 2 m tall; Table 2.10; Fig. 2.13). The
simultaneous change of canopy cover and canopy species richness upheld the pattern of 
change noted by the diversity measures. Moreover, when all line-intercept cover (road, 
forest, and cut-bank rooting origins) was grouped by life-form, canopy tree, woody vine, 
and shrub cover increased over roads with a corresponding increase in the number of 
species within the respective category (Tables 2.11, 2.12). Canopy tree, woody vine, 
and herb categories contributed most to the reported interactions.
There were no significant differences between road and forest canopy tree cover on 
roads abandoned for 30 and 60 yr (Fig. 2.13a). Woody vine cover appeared above most 
roads abandoned for > 26 yr, increasing across the sequence o f road abandonment. 
Although not statistically significant, shrub cover increased with length o f road 
abandonment, while palm cover remained greatest above roads. It was interesting to note 
tliat herbaceous species (>2 m tall) had significantly higher cover in forests adjacent to 
roads abandoned < 20 yr ago. Anotlier important result was that exotic species (> 2 m 
tall) were found only on roads adjacent to forests containing exotic species (roads
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abandoned > 30 yr; Fig. 2.14). This indicated a notable site effect with respect to 
recruitment.
Species Composition 
Species recorded in this study encompassed canopy trees, palms, tree ferns, woody 
vines, shrubs, and miscellaneous herbs. A total o f 69 species were recorded on roads and 
91 species in forest plots, all > 2 m (Table 2.13). O f these, 41 species were associated
with both road and forest sites. Canopy species were observed predominantly in forests. 
The traditional pioneer tree species, Cecropia schreberiana and Schefflera morototoni, 
were most obvious as individuals in forest plots. Instead o f growing on roads as 
represented by number o f individuals in Table 2.13, these species typically grew 
alongside them, as represented in canopy cover analyses (Appendix 2.1 ). Cyathea 
arborea. also regarded as an early successional species, was common in canopies of roads 
abandoned for > 2 0  yr and respective forests, but absent from established plots.
Abandoned roads had lower stem counts than associated forest areas; roads 
abandoned for 26 and 40 yr were the exception. The road abandoned for 60 yr was the 
only road that had a greater number of species on roads than adjacent forests.
Unidentified species were uncommon, but the forests bordering the road abandoned for 
16 yr had the highest number o f unknown species. The location of this road was the
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furthest from present-day communities and difficult to access, possibly reducing human 
impact on vegetation, allowing more sensitive species to persist.
Although no single canopy tree species was encountered at every site, Prestoea 
montana was the most common canopy species recorded for both road and forest plots 
(Table 2.13). With a total of 64 individuals, P. montana was found on 6  roads and in 5 
forests. Ocotea leucoxylon (Sw.) Laness., Myrcia deflexa (Poir.) DC., Schefflera 
morototoni, and Tabebuia heterophylla (DC.) Britton were counted in at least half o f all 
roads and forest sites. Myrcia deflexa and T. heterophylla had > 50 individuals. A large 
population o f M. deflexa existed in the forest of the road abandoned for 26 yr. Tabebuia 
heterophylla was most common on the roads abandoned for > 30 yr and associated
forests. Other well represented species were Syzygium jambos (L.) Alston and Swietenia 
macrophylla King.; there were > 50 individuals calculated for each, most originating on a 
single road (30 yr of abandonment) and in the respective forest. Of note is that S. jambos 
and S. macrophylla are not native to Puerto Rico. Anthocephalus chinensis (Lan.) A.
Rich, ex Walp., another exotic species, was also commonly encountered on and along this 
road.
The forest dominants Dacryodes excelsa and Sloanea berteriana were found 
primarily in forests (Table 2.13, Appendix 2.1 ). Dacryodes excelsa had recruitment (> 2
m tall) only on the road abandoned for 60 yr, whereas single S. berteriana individuals 
were seen on roads abandoned for 20 and 40 yr. Yet, D. excelsa was noted in canopies of
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roads abandoned 4, 11 , and 60 yr ago. The species, S. berteriana, was encountered above 
roads abandoned 26 and 40 yr ago.
Three shrubs, Palicourea croceoides Ham., Miconiaprasina (Sw.) DC., and 
Psychotria berteriana DC., were ubiquitous within the LEF under- and midstories (Table
2.13). Palicourea croceoides was the most common species in terms of both absolute 
numbers (road = 99; forest = 247) and the number o f roads and associated forests in 
which this species was found (5 roads; 8  forests). Specifically, P. croceoides was found 
on roads abandoned for > 20 yr and was present in all forest sites. Apart from these
three shrub species, shrubs tended to be encountered only on roads (e.g., Gonzalagunia 
spicata and Piper spp.) or only in forests (e.g., Myrcia leptoclada and Psychotria 
brachiata)'. but none were associated with a particular period within the road 
abandonment sequence which would indicate a preference for an early or late successional 
type environment. There was a clustering of Piper glabrescens on the road abandoned 
for 26 yr. a species also noted on nearby landslides but not in adjacent forests (L. Walker, 
pers. comm.).
Woody vines were identified primarily in forest plots, although they were counted on 
roads abandoned for > 26 yr. Rourea surinamensis was the most widespread woody
vine (2 roads, 6  forests), as well as the most populous (n = 57; Table 2.13). The 
understory fern, Cyathea borinquena (Maxon) Domin., was prevalent within the forests
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of the Sabana drainage, which were adjacent to roads abandoned < 16 yr. Not all C. 
borinquena were tallied for canopy cover since this species was regularly < 2  m in height.
Discussion
The vegetation of the LEF regenerated very quickly on abandoned paved roads 
despite the pavement barrier almost directly below the soil surface (see Chapter 1). An 
increase in fern, seedling, and woody vine cover coupled with a decrease in percent cover 
of grasses and herbs; an increase in stem count, species richness, and basal area; and 
increased height and density of the canopy overstory all documented successional change 
as associated with a greater length o f road abandonment (sensu (Crow 1980). A subtle 
pattern of species replacement with time occurred (e.g., Palicourea croceoides, 
Psychotria berteriana, Cyathea arborea, Schreberiana morototoni), but was less obvious 
than documented by many successional studies. A weak pattern of species change with 
time may be the result of the high species heterogeneity between road-site location within 
the LEF (Table 2.14, Appendix 2.1; also see (Crow 1980, Basnet 1992, Garcia-Montiel 
and Scatena 1994). A ‘mid-successional stage’ recorded as higher stem densities 
encountered by Crow (Crow 1980) was not seen here. Again, this was most likely due to 
high forest heterogeneity.
Few differences remained between physical characteristics of the vegetation on roads 
and forests for small and large plot measurements. The physical characteristics measured 
included understory vegetation cover, stem count, basal area, species richness, Simpson’s
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diversity measures, Sorensen’s commimity coefficient, overstory canopy cover, canopy 
height, and the presence of native vs. exotic species. In fact, the advances in revegetation 
recorded across the 60 yr chronosequence were comparable to vegetation re-establishment 
documented in other studies o f tropical forest regeneration after disturbance, e.g., 
abandoned pastures (Aide et al. 1995, Aide et al. 1996), hurricanes (Crow 1980), 
landslides (Guariguata 1990, Walker et al. 1996), and non-paved roads (Guariguata and 
Dupuy 1997, Olander et al. 1998).
Stem counts, species richness, and diversity on roads abandoned for > 30 yr reached
adjacent forest numbers. This is less than the approximate 40 yr recovery seen by Aide 
et al. (Aide et al. 1996) in abandoned pastures near the LEF, but corresponds to predicted 
return times for neotropical secondary succession (Finegan 1996). Even road basal area 
measures equaled forest dimensions by 60 yr of abandonment. This recovery rate 
approximated the 55 yr estimation for re-establishment of basal area on landslides 
(Guariguata 1990, Walker et al. 1996), although slower than a 50 yr recovery in a 
secondary growth forest stand within the LEF (Zou et al. 1995). Most interesting was 
that recovery of basal area on the LEF abandoned paved roads was faster than the 80 yr 
predicted for a non-paved, track logging road in Costa Rica (Guariguata and Dupuy 
1997).
The swift restoration of basal area associated with the road abandoned for 60 yr may 
misrepresent recovery rates o f other regions within the LEF, since on average, it is much
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lower in elevation than forests bordering all other roads. This forest area also had 
relatively low stem counts as well as denser understory cover relative to other forest 
locations. Finally, the species composition was unique on and next to this road when 
compared to other road and forest locations. A distinct forest composition, as well as a 
higher pH, can indicate more recent disturbance or more severe damage than other forest 
sectors prior to this study (Garcia-Montiel and Scatena 1994, Zimmerman et al. 1996, 
Dupuy and Chazdon 1998); Chapter 1). Consequently, road-forest differences after road 
abandonment may have been diminished by subsequent events. In such cases, 
revegetation on the road abandoned for 60 yr would appear to have occurred faster than it 
really had when compared directly with the adjacent forest site.
The road abandoned for 60 yr was not the only road to have evidence o f disturbance 
events prior to or following road abandonment. For example, high concentrations of 
Scleria spp. (saw grass), a climbing sedge preferring high-light, were recorded in the 
adjoining forest canopy (> 2 m tall) of roads abandoned for 4, 11, 16, and 20 yr. This 
species was often found in conjunction with larger standing, but dead individuals. The 
high rate of mortality in the class of larger tree sizes on two of the three Sabana roads 
(abandoned 4 and 16 yr ago) may have been a result of Hurricane Hugo which caused 
severe damage in the area in 1989. During the 1996 field season, tropical storm Bertha 
caused substantial canopy damage in the forest surroimding these two roads. Such results 
suggested that forests as well as roads were at different stages of maturity, in which both
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treatments (road and forest) were imdergoing species composition as well as structural 
changes simultaneously. It was, therefore, particularly remarkable that the time course of 
recovery on roads was not completely obscured by naturally occurring forest 
heterogeneity.
A partial canopy cover over abandoned road sectors originating from cut-banks and 
off-road areas suggested that either a forest canopy remained after the road was initially 
constructed, or vegetation surviving the construction disturbance closed above the road 
right-of-way subsequent to road building. A newly formed opening in the canopy 
becomes available to vegetation directly bordering the gap. In fact, over half of the 
canopy above roads abandoned < 26 yr originated from vegetation rooted off-road (Fig.
2.14). This canopy above the abandoned roadways included large, matiue forest 
overstory species (e.g., Buchenavia letraphylla (Aubl.) R. A. Howard, Dacryodes 
excelsa). Since light is one of the most critical resources influencing succession after 
disturbance in the tropics (Brokaw 1985a, Brokaw 1985b, Denslow 1987, Dirzo et al. 
1992, Matlack 1994, Myster and Fernandez 1995), plant germination, growth rates, and 
survival can be affected (Augspurger 1984, Poulson and Platt 1989, Denslow et al. 1990, 
Chazdon and Pearcy 1991, Guzman-Grajales and Walker 1991, Molofsky and 
Augspurger 1992, Ellison et al. 1993, Walker and Neris 1993, Everham et al. 1996,
Fetcher et al. 1996, Amézquita 1998, Butler and Chazdon 1998), and ultimately 
determine which species successfully persist along abandoned roads. Depending on gap
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closure rate, lower light levels may have encouraged shade tolerant species to colonize, 
and in turn, speed vegetation recovery.
Yet, the changes in canopy cover and canopy species richness above the abandoned 
roads seen across the chronosequence were ultimately the result of increased canopy 
cover and number of individuals rooted on the road. The only exception was the road 
abandoned for 4 yr, where most of the line-intersection plot cover and species richness 
originated from off-road. This directly implied that maturing forest structure measured 
across the road abandonment sequence was the result o f succession and not encroaching 
canopies from cut-banks or forest vegetation.
Herbs dominated understory cover on roads abandoned for < 20 yr, arguing that light
levels were probably still greater than those typical to the forest understory. The notable 
establishment and emergence o f seedlings by 2 0  yr after abandonment implied that road 
understory conditions were approaching those of the forest. By 26 yr after road 
abandonment, imderstory grass, herb, seedling, vine, and woody vine cover were not 
significantly different between road and surrounding forest. The delayed seedling 
establishment detected across the chronosequence may have been caused by inhibition as 
a result o f a dense cover of herbs, grasses, and vines (Guzman-Grajales and Walker 1991, 
Walker 1994, Guariguata et al. 1995). Because many soil properties recovered within 4 
yr of abandonment (see chapter 1 ), soil status probably did not limit plant establishment 
(see (Parrish and Bazzaz 1982). Instead, low to no soil accumulation potentially
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restricted total rooting depth and total nutrient pools {sensu (Guariguata and Dupuy
1997); see Chapter 1).
Since roadways began with no soil substrate, subsequent revegetation initially relies 
on seed rain for recruitment. Sources for recently abandoned road sites might be 
explained by road edges, adjacent forest areas, or distant forest inputs, arriving to the site 
by wind, gravity, animal dispersal, or water movement. An increased surface water flow 
above roads may also influence establishment patterns. Smaller and lighter seeds typical 
of many pioneer and herbaceous species may be especially predisposed to removal by 
surface water flow {sensu (Pinard et al. 1996), especially where pavement is exposed. 
With the elimination o f competing early successional species, larger seeded species have 
the opportunity to dominate early in succession.
Patterns of recovery may be best predicted by understanding local vegetation patterns 
for colonization sources (Walker and Neris 1993, Thomlinson et al. 1996, Myster and 
Walker 1997, Dalling and Denslow 1998, Dalling et al. 1998, Dupuy and Chazdon 1998, 
Myster and Sarmiento 1998). On LEF landslides. Walker and Neris (Walker and Neris 
1993) noted that local vegetation explained almost all seeds recovered from seed traps, 
reporting that nearly 100 % o f the seeds could have originated from vegetation within 30 
m of trap sites. At the La Selva Biological Station in Costa Rica, between 19 % and 55 % 
of the seeds reaching gaps, and up to 35 % of germinating species from this seed input, 
were represented by species fruiting within 50 m o f gap openings (Denslow and Gomez 
Diaz 1990). Dalling et al. (Dalling et al. 1998) found dramatic declines in seed rain and
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soil seed density within a 20 m distance from adult individuals. A second study in 
Panama showed that vegetation stands composed of certain tree species were often 
related to higher seed bank densities in the same area (Dalling and Denslow 1998).
Dalling and Denslow (1998) also indicated that the length of time a site has been 
abandoned can influence relative abundances o f some species within seed banks without a 
concomitant change in species richness, presumably due to a change in local vegetation 
patterns.
There was direct evidence that bordering forests in fact had a notable impact on road 
revegetation on abandoned roads in the LEF. The presence of Swietenia macrophylla and 
Anthocephalus chinensis on roads only where they were encountered in the adjacent 
forest best illustrated this idea. The canopy species Prestoea montana, Tabebuia 
heterophylla, and Syzygium jambos, in addition to the shrubs Palicourea croceoides, 
Miconia impetiolaris, M. prasina, Psychotria berteriana, and Myrcia splendens also 
reproduced this trend. Another indication that vegetation within 25 m of an opening 
contributed to road gap colonization was that exotic tree species (> 2  m tall) were only on 
abandoned roads where they formed a component in the forests.
Abandoned roads did not seem to offer a suitable habitat for fast-growing, large gap 
pioneer species (e.g., Schefflera morototoni. Ochroma pyramidale, and Cecropia 
schreberiana) regardless of distance from potential parental sources. Instead, road edges 
seemed to be a better habitat as indicated by a significant amount of canopy cover
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produced by these species above road plots, especially C. schreberiana (Appendix 2.1). 
This preference was consistent with observations that they commonly colonize road-cuts 
and recently disturbed areas (cf. (Brokaw 1998), whereby individuals may have 
established immediately following road creation when gap size may be larger and light 
levels elevated. Possibly road narrowness and litter deposition equivalent to adjacent 
forests, as well as the generally wetter soils (g HiO g ‘ dry soil; Chapter 1) found on 
abandoned roads, created an environment unfavorable for successful germination of C. 
schreberiana after road abandonment (Guzman-Grajales and Walker 1991, Everham et al. 
1996. Brokaw 1998). These pioneer species were also absent or low in importance in 
wet abandoned pastures within and just north of the LEF where shrubs and small trees 
were important colonizers (Aide et al. 1995, Aide et al. 1996).
An interesting pattern of revegetation was noted on the road abandoned for 60 yr. At 
this site, many exotic species from the surrounding forest were important to road species 
composition. At the same time the native, late successional species, Dacryodes excelsa, 
not recorded in or above forest plots, grew on the road. This trend corresponded with 
observations of plantation species replaced by better competing native forest species 
(Francis 1995, Guariguata et al. 1995). The regeneration of a dominant, native forest 
species on roads demonstrated the importance of seed input from sources not 
immediately adjacent to road sites.
General successional trends regarding the distribution o f canopy within the various 
height classes were distinguished by increasing canopy height and density with time.
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Roads abandoned < 26 yr had canopies which were fairly evenly spread between height 
classes. Roads abandoned for > 26 yr supported denser upper (> 3 m) and understory (< 
0.5 m) canopies, a pattern similar to most adjacent forests areas. A multi-layered, dense 
overstory canopy cover generally produced sparser midstory canopies. Brokaw and 
Grear (Brokaw and Grear 1991)) recorded similar trends in vegetation profiles before and 
after hurricane disturbance in a mature stand of tabonuco forest in the LEF. Namely, 
canopy foliage was thickest in the upper and lowest canopy levels before the hurricane, 
but afterwards, the vertical distribution of foliage was evenly partitioned between height 
classes.
With longer length of abandonment, a greater portion o f canopy cover over roads 
originated from on-road sources, indicating that road vegetation dominated recovery. 
Overall, species immediately adjacent to roads played a minor role in canopy closure. 
Canopy cover over roads abandoned for 30 and 60 yr were not significantly different 
from forest levels, indicating very rapid growth of road-rooted species. Differences 
between road and forest canopy cover over the road abandoned for 40 yr originated from 
mid-canopy levels (3-15  m). The means that appeared similar but were significantly 
different indicated highly non-normal, heteroscedastic distributions o f cover within these 
height classes. These results might be explained by a greater diversity of individual 
species sizes on roads than in forests, as indicated by basal area determinations. Or, such 
skewed distributions may represent patchy disturbance within the adjacent forest.
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especially since canopy cover 3 - < 5 m in  height was fairly thick. Gap openings in the 
canopy encourages increased growth from  suppressed understory vegetation once the 
overstory is removed (Brokaw 1985a, Hubbell and Foster 1986, Uhl et al. 1988, Denslow 
et al. 1990, Fraver et al. 1998). In contrast, the rapid re-establishment o f canopy above 
the road abandoned for 30 year may be due to the predominance of Swietenia 
macrophylla (n = 37), a fast growing, introduced timber species, which has been 
documented to return quickly from disturbance (Aide et al. 1995, Fu et al. 1996).
The heterogeneous nature of the LEF forest was further evident in canopy height 
profiles of other forest areas. The two most distinct forest areas were next to roads 
abandoned for 4 and 60 yr. Most notable to the forest adjacent to the road abandoned for 
4 yr was the dense mid-story (0.5 < 3  m). The increased cover at these heights was 
perhaps the result o f past disturbance recovery as suggested by greater numbers of 
standing dead. The forest bordering the road abandoned for 60 yr had the lowest overall 
canopy. The tallest cover measured within the forest fell within the 10 - < 15 m 
category. The short stature may be explained by the lower-growing canopy species 
comprising this forest, in addition to past disturbance events. A second characteristic 
unique to this area was taller canopy over the road than in the adjacent forest, possibly 
due to a disparate species composition between road and forest, as discussed below.
The vegetation characteristic slowest to  return on disturbed roads was species 
composition. Even after 60 yr of abandonment road floristics were distinct from a mature 
Dacryodes-Sloanea dominated forest, and often these species were not recorded in the
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forests bordering the roads, which may be the result of a complex interaction between 
position within the landscape as well as land use and disturbance history (Crow 1980, 
Johnston 1992, Garcia-Montiel and Scatena 1994, Scatena and Lugo 1995, Olander et al.
1998). Most often, species were found exclusively on roads or only in forests. A late 
recovery o f species composition typified other studies. For example, Zou et. al. (Zou et 
al. 1995) noted a distinction between the species composition of a 50 yr old, secondary 
forest and a mature tabonuco forest. In the mature forest, Prestoea montana, Dacryodes 
excelsa, and Sloanea berteriana had the highest densities, while Casearia arborea 
dominated the secondary forest. In this study, C. arborea was found only on a single 
road (abandoned 2 0  yr), but it was quite common in forests neighboring roads abandoned 
< 20 yr and 40 yr. While many species were unique to particular road and forest areas, a
number o f species were common to both road and forest sites within the LEF. These 
included both canopy {Prestoea montana, Ocotea leucoxylon, Myrcia deflexa, Schefflera 
morototoni, and Tabebuia heterophylla) and slirub {Palicourea croceoides, Miconia 
prasina, and Psychotria berteriana) species, which typically have been noted as being 
ubiquitous within the forest.
Conclusion
Recovery of forest vegetation occurred rapidly on roads bordered by mature forest 
growth. Road understory canopy cover, large plot stem counts, basal area, species 
richness, Simpson’s diversity measures, and canopy cover and height reached a state
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practically indistinguishable from adjacent forests within 60 yr o f road abandonment.
Only community composition differed noticeably between the roads and adjacent forests 
at this time. The heterogeneous nature o f species distribution within the forest perhaps 
played the largest role in determining the patterning of species establishment, although, 
differences may be partially explained by local topographical effects. The presence of 
exotic woody species only on those roads where they were conspicuous in the forest 
especially indicated that the contiguous forest was significant in determining which 
species were colonizing roads.
Most important was that this study demonstrated that the presence o f pavement has 
little noticeable effect on revegetation of roads at the LEF. Nevertheless, rooting depth 
and total nutrient resources may initially affect the regeneration o f some species. Because 
of the similarity between road and forest plots within such a short time period following 
road abandonment, this type o f road disturbance seemed no more severe than the 
disturbances that occur naturally within the LEF.
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Figure 2.1 Vegetation plot set-up for all forest and roads. Road width
measurements were taken at each end of the plot (n = 1 0  for roads 
abandoned for 4, 11, 16, and 26 yr; n = 9 for the road abandoned for 
40 yr; n = 11 for the road abandoned 60 yr).
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.14 Values represent the total number o f native and exotic species 
(> 2  m tall) recorded in road and associated forest plots 
(treatment).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2.1 Summary table of a MANOVA on ranks for small plot vegetation (< 2 m tall) separated
into life-form categories and ANOVA of each variable within the MANOVA (age = Time 
Since Road Abandonment [yr]; treatment = road and forest; age * treatment = age by 
treatment interactions). For all tables, values in bold represent significant effects at the 
highest interaetion level.
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MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0 . 0 0 0 1
S 7 1 7
M 0 3 0
N 65 65 65
ANOVA: F P F P F P
DF 7 1 7
Ferns 3.6090 0.0013 3.8596 0.0515 1.8114 0.0896
Grasses 1.3679 0.2236 28.2617 0.0001 3.3901 0.0023
Herbs 10.1984 0.0001 72.0634 0.0001 7.2325 0 . 0 0 0 1
Sedges/Rushes 3.7913 0.0009 0.5168 0.4734 0.5393 0.8035
Seedlings 10.1015 0.0001 9.1831 0.0029 3.2212 0.0034
Vines 6.3175 0.0001 35.3424 0.0001 5.7648 0 . 0 0 0 1
Woody Vine 4.4585 0 . 0 0 0 2 0.5559 0.4572 1.4111 0.2055
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Table 2.2 Summary table of a MANOVA on ranks for combined large plot stem count (m-2) and 
basai area (em* m *) of vegetation > 2 m tall and ANOVA of each variable within the
MANOVA (age = Time Since Road Abandonment [yr]; treatment = road and forest; age 
* treatment = age by treatment interactions).
MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0 . 0 0 0 1
S 2 1 2
M 2 0 2
N 68.5 68.5 68.5
ANOVA. F P F P F P
DF 7 1 7
Stem Count 8.9509 0.0001 62.6457 0.0001 5.8427 0.0001
Basal Area 5.5054 0.0001 116.5542 0.0001 4.9154 0.0001
7]
CD■o
O
Q .c
g
Q .
■D
CD
o'3
O
8■D
Table 2.3 Summary table of a MANOVA on ranks for large plot stem count measures-separated into
vegetation (> 2 m tall) life-form categories—and ANOVA of each variable within the MANOVA
(age = Time Since Road Abandonment [yr]; treatment = road and forest; age * treatment = age 
by treatment interactions).
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MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0.0064
S 5 1 5
M 0.5 1.5 0.5
N 67 67 67
ANOVA: F P F P F P
DF 7 1 7
Canopy Trees 9.9781 0.0001 79.6136 0.0001 3.6875 O.OOII
Woody Vines 1.3959 0.2116 34.1240 0 . 0 0 0 1 1.2346 0.2879
Palms 6.4106 0 . 0 0 0 1 0.0403 0.8413 0.6701 0.6971
Shrubs 5.6793 0.0001 17.1943 0.0001 3.9182 0.0006
Standing Dead 1.2591 0.2750 15.1888 0 . 0 0 0 2 1.3721 0.2217
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Table 2.4 Summary table of a MANOVA on ranks for large plot basai area measures-ordered by
vegetation life-form category (> 2 m tall)-and ANOVA of each variable within the MANOVA 
(age = Time Since Road Abandonment [yr]; treatment = road and forest; age * treatment = 
age by treatment interactions).
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MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0.0046
S 5 1 5
M 0.5 1.5 0.5
N 67 67 67
ANOVA; F P F P F P
DF 7 1 7
Canopy Trees 5.6040 0.0001 151.2311 0.0001 5.5601 0 . 0 0 0 1
Woody Vines 1.4505 0.1900 36.1643 0 . 0 0 0 1 1.0740 0.3833
Palms 6.6895 0 . 0 0 0 1 0.5379 0.4645 0.6212 0.7377
Shrubs 7.1535 0.0001 31.7079 0.0001 2.7204 0 . 0 1 1 2
Standing Dead 1.1874 0.3138 14.6109 0 . 0 0 0 2 1.3232 0.2436
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Table 2.5 Summary table of ANOVA on ranks for species richness, Simpson's diversity (D), and Simpson's 
equitability (E) for all vegetation > 2 m in height within the large plot (age -  Time Since Road 
Abandonment [yr]; treatment = road and forest; age * treatment = age by treatment interactions).
a. Dependent: rank spp rich Type III Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 59229.7169 8461.3881 10.0668 0 . 0 0 0 1
trtmt 1 99172.6535 99172.6535 117.989 0 . 0 0 0 1
age * trtmt 7 34392.8431 4913.2633 5.8455 0.0001
Residual 140 117673.4412 840.5246
Dependent: rank Simpson's D Type III Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 44464.4517 6352.0645 6.6193 0 . 0 0 0 1
trtmt 1 101606.5848 101606.5848 105.8805 0 . 0 0 0 1
age * trtmt 7 33656.0488 4808.007 5.0102 0.0001
Residual 140 134348.8678 959.6348
Dependent: rank Simpson's E Type 111 Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 40538.2471 5791.1782 3.4556 0.0019
trtmt 1 10586.4623 10586.4623 6.3169 0.0131
age * trtmt 7 29173.0164 4167.5738 2.4868 0.0195
Residual 140 234624.2341 1675.8874
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Table 2.6 Summary table of an ANOVA on rank transformed data looking for plot edge effects in pole touch 
canopy cover measures (age = Time Since Road Abandonment [yr]; rd side = road center and road 
edge; canopy ht = canopy height class [m]; * describes variable interactions).
Dependent: rank%cvr Type III Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 44043879.9 6291982.8 48.2125 0 . 0 0 0 1
rd side 1 1529193.5 1529193.5 11.7175 0.0006
can hi 1 1 174060000.0 15823980.3 121.2518 0 . 0 0 0 1
rd age * rd side 7 3109475.1 444210.7 3.4038 0.0013
rd age * can ht 77 97306768.7 1263724.3 9.6833 0 . 0 0 0 1
rd side * can ht 1 1 1278076.7 116188.8 0.8903 0.5493
rd age * rd side * can ht 77 5953105.1 77313.1 0.5924 0.9981
Residual 1704 222380000.0 130505.1
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Table 2.7 Summary table of an ANOVA on rank transformed data analyzing road profile (see Fig. 2.2) effects 
on vegetation canopy cahracteristics. Canopy cover by height class as well as line-intersect species 
richness (m ‘“) and cover (m) over roads were considered (age = Time Since Road Abandonment [yr]; 
profile = road shape [Z, U, I]; * describes variable interactions).
a. Dependent: rank canopy ht categories (%cvr) Type III Sum of Squares
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Source df Sum of Squares Mean Square F-Value P-Value
age 7 5282900 754704.145 11.2109 0.0001
profile 2 213005.1826 106502.5913 1.5821 0.2061
age * profile 6 379991.7954 63331.9659 0.9408 0.4647
Residual 932 62741000 67318.6817
Dependent: rank LNINT spp rich Type 111 Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 16214.851 2316.4073 9.9107 0.0001
profile 2 57.5973 28.7986 0.1232 0.8843
age *  profile 6 3412.38 568.73 2.4333 0.0353
Residual 63 14724.8591 233.7279
Dependent: rank LNINT cvr (m) Type 111 Sum of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 14801.5709 2114.5101 7.1839 0.0001
profile 2 1029.0075 514.5037 1.748 0.1825
age * profile 6 2384.1687 397.3615 1.35 0.2488
Residual 63 18543.4812 294.341
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Table 2.8 Summary table of an ANOVA on rank transformed data analyzing pole touch canopy cover measures 
of canopy cover of forests and road rooted canopy over roads (age = Time Since Road Abandonment 
[yr]; treatment = road vs. forest; canopy ht = canopy height class [m]; * describes variable interactions).
Type III Sums of Squares
Source df Sum of Squares Mean Square F-Value P-Value
age 7 5889884.6 841412.1 10.6455 0.0001
trtmt 1 57075079.8 57075079.8 722.1096 0.0001
can ht 11 197119781.1 17919980.1 226.7222 0.0001
age * trtmt 7 16111417.3 2301631.0 29.1201 0.0001
age * can ht 77 44769047.1 581416.2 7.3560 0.0001
trtmt * can ht 11 37497825.5 3408893.2 43.1291 0.0001
age * trtmt *  can ht 77 42028261.9 545821.6 6.9057 0.0001
Residual 1680 132786118.0 79039.4
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Table 2.9 Summary table of an ANOVA on ranks comparing canopy cover by height class on roads to
equivalent levels in adjacent forest plots (treatment = road and forest; canopy ht = canopy height 
class [m]; * signifies variable interactions).
Dependent : rank%cvr Type III Sums of Squares
Source df Sum of Squares Mean Square F-Value P-Value
rd age 7 9844400.0 1406300.0 12.2029 0.0001
trtmt 1 17549000.0 17549000.0 152.2701 0.0001
can ht 11 186990000.0 16999000.0 147.4990 0.0001
rd age * trtmt 7 15266000.0 2180800.0 18.9229 0.0001
rd age * can ht 77 65725000.0 853576.8 7.4065 0.0001
trtmt * can ht 11 13949686.9 1268200.0 11.0039 0.0001
rd age * trtmt * can ht 77 38517000.0 500217.8 4.3404 0.0001
Residual 1680 193610000.0 115246.3
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Table 2.10 Summary table of a MANOVA on ranks for large plot line-intersect species richness and canopy
cover for road and forest plot vegetation > 2 m tall and ANOVA of each variable within the MANOVA 
(age = Time Since Road Abandonment [yr]; treatment = road and forest; age * treatment = age by 
treatment interactions).
MANOVA: age treatment age * treatment
Wilks' h 0.0001 0.0001 0.0001
S 2 1 2
M 2 0 2
N 68.5 68.5 68.5
ANOVA: F P F P F P
DF 7 1 7
Canopy Cover (10m) ' 3.7447 0.0001 69.9203 0.0001 8.4403 0.0001
Species Richness (m ) 8.4396 0.0001 105.7870 0.0001 6.8451 0.0001
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Table 2.11 Summary table of a MANOVA on ranks for canopy cover (> 2 m tall) measured along a line 
transect of the large plot and separated into life-form categories and ANOVA results for each 
variable within the MANOVA (age = Time Since Road Abandonment [yr]; treatment = road 
and forest; age * treatment = age by treatment interactions). The palm category includes tree 
ferns and bamboos.
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MANOVA; age treatment age *  treatment
Wilks’ h 0.0001 0.0001 0.0046
S 6 1 6
M 0 2 0
N 67 67 67
ANOVA: F P F P F P
DF 7 1 7
Canopy Trees 2.7634 0.0101 62.6503 0.0001 3.9208 0.0006
Woody Vines 9.4429 0.0001 24.8625 0.0001 2.3907 0.0193
Palms 17.1850 0.0001 16.8196 0.0001 1.0647 0.3894
Shrubs 4.5294 0.0001 7.0042 0.0091 1.0828 3.7750
Herbs 6.0224 0.0001 30.7245 0.0001 7.3164 0.0001
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Table 2.12 Summary table of a MANOVA on ranks for species richness (> 2 m tall) measured along 
a line-transect of the large plot and separated into life-form categories and ANOVA results 
for each variable within the MANOVA (age = Time Since Road Abandonment [yr]; treatment 
= road and forest; age * treatment = age by treatment interactions). The palm category 
includes tree ferns and bamboos.
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MANOVA: age treatment age* treatment
Wilks’ X : 0.0001 0.0001 0.0046
S 6 1 6
M 0 2 0
N 67 67 67
ANOVA: F P F P F P
DF 7 1 7
Canopy Trees 5.0339 0.0001 109.8233 0.0001 6.3515 0.0001
Woody Vines 11.2631 0.0001 29.2410 0.0001 1.6851 0.1173
Palms 7.9163 0.0001 17.8646 0.0001 0.9341 0.4823
Shrubs 4.1735 0.0003 6.9201 0.0095 0.9185 0.4942
Herbs 4.9991 0.0001 21.2643 0.0001 6.3682 0.0001
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Table 2.13 Number of individuals of all plant species > 2 m tall counted in ten 10 x 15 in plots of eight roads (R) and adjacent
forests (F). Listings are alphabetical by genus within life-form categories. For all treatments, n = 10, except for roads 
abandoned for 40 yr ( n = 9) and adjacent forest (n = 7). Botanical nomenclature follows Little et al. (1974), Little and 
Wadsworth (1989), Taylor (1994), and Acevedo-Rodriguez and Woodbury (1985). A * signifies species of unknown 
origin; a blank indicates species absence.
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4 y r II yr 16 yr 20 vr 26 yr 30 yr 40 yr 60 yr sppO total
Sptcies family origin R(F) R(F) R(F) R(F) R(F) R(F) R(F) R(F) lolnl a sites
canopy Ircc
Adenanlhera pavoniim !.. Fabaccac India/Asia 3 (5) 3(5) 1(1)
Alcbonwa lalifolia Sw. Luphorbiaccac Caribbean (2) ( !) 1(3) (1) 2(3) 3(10) 2(5)
Andira inermis (W. Wright) DC. Fabaccac ncotropics (2) (1) (3) (2)
Anihocephalus chinensis Rubiaccac SI: Asia/I: Indies 3 (1) 3(1) 1(1)
(Lam.) A. Rich, cx Walp.
Byrsonimaipicaia (Cav.)IIBK Malpighiaccac ncotropics (1) (1) (1) (3) (2) (1) 1 1(9) 1(6)
Calophyllum calaba L. Clusiaccac ncotropics (3) 2 3(2) 5(5) 2(2)
Calyplranthes zuzygium (L.) Sw. Myrtaccac Caribbean, Florida (1) (1) (1)
Casearia arborea (Rich ) Urb. Flacourtiaccac ncotropics (1) (9) (2) 2(11) (6) 2(29) 1(5)
Casearia sp. 1 Flacouniaccac » (1) (1) (2) (2)
Casearia sylvesiris Sw. Flacourtiaccac ncotropics (2) (1) (2) 1(4) 1(6) 2(15) 2(5)
Cassipourea gulanensis Aubl. Rhizophoraccac ncotropics (1) (1) (2) (2)
Cecropia schreberiana Miq. Moraccac ncotropics (1) (6) (3) (2) (12) (4)
Oestrum macrophyllum Vent Solanaccac PR, Hispaniola 1 1(5) 2 (5) 2(1)
Oestrum sp. ! Solanaccac * (1) (1) (1)
Ohionanthus domingensis Lam. Olcaccac Caribbean (1) 8 (1) 8(2) 1(2)
Ohrysobalanus icaco var. peUocarpus Rosaccac ncotropics (4) (4) (1)
(G. F. W .M cy.)DC.
Oinnamonum elongatum Lauraccac Caribbean (1) (1) (1)
(Nccs) Kosiccm.
Otusea rosea Jacq. Clusiaccac ncotropics (5) (5) (1)
Ooccoloba diversifolia Jacq. Polygonaceae Caribbean (1) (1) (2) (2)
Ooccoloba pyrifoUa Des f. Polygonaccac endemic (2) (2) (1)
Oordia borinquensts Urb. Boraginaccae endemic (2) 2(1) 2(3) 1(2)
Oroton poecilanllm Urb. Huphorbiaccac endemic (1) (2) (3) (2)
Oyrilta racemiflora L. Cyrillaccac ncotropics (1) 1(1) 1(2) 1(2)
Dacryodes e.xcelsa Vahl. Burscraccac CariblKan (5) (2) (1) (2) 2 2(10) 1(4)
Dendropanax arboreus Araliaccac ncotropics 1 1 1
(L.) Decnc. & Planch.
Drypetes glauca Vahl. Fuphorbiaccac Caribbean (2) (1) (3) (2)
Eugenia stahlii Myrtaccac endemic (2) (2) (S) (9) (3)
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Faramea occuhnialis (I. ) A. Rich. Rubiaccac ncotropics (9) (3) M l) 1(13) 1(3)
Gtiarca gla bra Vahl Mcliaccac PR, Hispaniola (4) (2) (1) (7) (3)
Guarea guuhma (1. ) Slcumcr Mcliaccac ncotropics (3) (3) 11(1) 11(7) 1(3)
Guetlcirdascahra (L.)Vcnl Rubiaccac ncotropics (2) (2) (1)
Guetiarda valenzuelana A. Rich Rubiaccac Caribbean (1) 6 12(6) 18(7) 2(2)
Hirtella rugosa Pcrs. Chrysobalanaccac endemic (2) (3) 1(5) (6) (5) 1(21) 1(5)
Homalium racemosiim Jacq. Flacourtiaccac ncotropics (1) 2 1 (2) 1 4(3) 3 (2)
Hymenaea courbard !.. Fabaccac ncotropics 2 2 1
Ilexsideroxyloides (Sw.) Oriscb. Aquifoliaccac Caribltcan (2) (5) (7) (2)
Ingalauhna (Sw.) Willd. cx L. Fabaccac ncotropics (1) 8 (1 ) 1 (1) (1) 1 10(4) 3(4)
Ingavera Willd. cx L. Fabaccac ncotropics 7 (1) 1 8(1) 2 (1 )
Ixoraferrea (Jacq.) Bcnih. Rubiaccac Caribbean (1) (1) (1) (3) 1 1(6) 1(4)
Laplacea portoricemis Thcaccac endemic (1) (1) (1)
(Knig & Urb.) Dyer
Lauraceae sp. II Lauraccac $ 1 1 1
Lauraceae sp. IV Lauraccac « \ 1 1
Ixturaceae sp. VI Lauraccac • (2) (2) (1)
Lauraceae sp. VII Lauraccac * (!) (1) (1)
Mangifera indica L. Anacardiaceac Asia 1 1 1
Slanilikara bidenlala Sapotaccac ncotropics (2) (2) M l) 1(5) 1(3)
(A. DC.)A.Chcv.
Matayba dominguensis ( DC. ) Radik. Sapindaccac ( » (2) (3) (2)
Meliosma herberlii Rolfc Sabiaccac Carihbcon (6) (1) (1) (8) (3)
bliconia mirabilis Melastomaccac ncotropics (2) (2) (5) (9) (3)
(Audb.)L.O. Williams
Miconiasp. 1 Mclastomaccac » (3) (3) (1)
Miconiasp. II Melastomaccac * 2 2 1
Sliconia leiandra (Sw.) D. Don Melastomaccac Caribbean (1) (1) 1(4) 3(1) 1 5(7) 3(4)
Micropholis chrysophylloides Pierre Sapotaccac Caribbean (1) (4) (5) (2)
Moraceae sp. 1 Moraccac « (1) (1) (1)
Myrciadeflexa (Poir.)DC. Myrtaccac ncotropics M) (2) (26) (1) 2(8) 3(5) 5(46) 2(6)
Myriaceae sp. Ill Myrtaccac « (1) (1) (1)
Ochromapyramidale (Cav. cx Lam.) Urb. Bombacaccae ncotropics 1 1 1
Ocotea leucoxylon (Sw.) Laness. Lauraccac Caribbean (1) (4) (4) (5) (1) M l) (5) (5) 1(26) 1(8)
Ormosia krugii Urb. Fabaccac Caribbean (5) (6) (1) (12) (3)
Oxandra laurifolia (Sw.) A. Rich. Annonaccac Caribbean (1) (1) (1)
Sapium laurocerasus Desf. Euphorbiaccac endemic 1 1 2 2
Schefflera moroioloni Araliaccac ncotropics (1) (3) (1) 1(5) 1(2) (3) 2(15) 2(6)
(Aubl.) Maguirre, Sleyerm. & Frodin
Sloanea berleriana Choisy Elacaocarpaccac Caribbean (6) (7) 1 (1) 1(2) 2(16) 2 (4)
Spaihodea campanulaia P. Bcauv. Bignoniaceac W Africa I 1 I
Swietenia macrophylla King Mcliaccac Ccntral/S America 37(16) 6 (1 ) 43(17) 2 (2 )
5)îvg(Hm jam ôoî (L.) Alston Mynaccac SC Asia 4(55) 2(2) (I) 6(58) 2 (3 )
Tabebuia lielerophylla (DC.) Britton Bignoniaceac Caribbean ( » (2) 1(14) 23(3) 9 (9 ) 33(29) 3 (5)
Teirazygia urbanii Cogn. Melastomaccac endemic (1) (1) (1)
Trichilia pallida Sw. Mcliaccac Caribbean 0 ) (1) M2) 2(2 ) 3(6) 2 (4)
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Turpima occideiilalis (Sw.) Don 
unknown #02 
unknown #08 
unknown #10
Zanlhoxyliim mariiniccnse (Lam ) DC.
Slaphylcaccac
#
«
«
Kutaccac
ncotropics
♦
$
*
Caribbean
{ * )
(1)
1
2
(2)
1
(4)
(1)
2
(2)
1
(1)
(1)
1
(1)
palm
Presioea moniana (Graham) Nicholson Arccaccac Caribbean 3(3) 6(4) 3(8) 18(8) 7(3) 1 38(26) 6(5)
Ircc fern
Alsophila porloricensis Cyathcaccac endemic (3) (3) (1)
(Sprcng. ex Kuhn) Conani.
Cyathea arborea (L.)J. 0. Sm. Cyalhcaccac Caribbean 1 1 1
shrub
Clusia gundlachii Slahl Clusiaccac endemic (3) (3) (1)
Gonzalagunia spicata Rubiaccac ncotropics I 5 2 3 II 4
(Lam.) M. Gômcz
Henriettea fascicularis Melastomaccac ncotropics (1) (1) (1)
(Sw.) M. Gômcz
Lanlana camara L. Verbancaccac 4 4 1
Lasianihus lanceolatus Rubiaccac Caribbean (2) (2) (1)
(Griscb.)M. Gômcz
Mecranium amygdalimim Melastomaccac Caribbean 4 4 1
(Desr.) C. Wrighi
Miconia impeiiota-is (Sw.) D Don Melastomaccac ncotropics 8 (7 ) 2(4) 10(11) 2(2)
Miconiaprasina (Sw.) DC. Melastomaccac ncotropics (1) 2 1(7) 5(8) 45(18) 1(2) 4 (7 ) 58(43) 6(6)
Miconia racemosa (Aubl.) DC. Melastomaccac Caribbean (1) (1) I 1(2) 1(2)
Myrcia leploclada DC. Myrtaccac ncotropics (!) (1) (7) (3) (12) (4)
Myrciasplendens (Sw.) DC. Myrtaccac ncotropics (2) 2 (9) 4 (5 ) 6(16) 2(3)
Palicourea croceoides Ham. Rubiaccac ncotropics (51) (23) (42) 18(72) 12(2) 4 (2 ) 64(31) 1(24) 99(247) 5(8)
Piper adun cum L. Pipcraccac ncotropics ( » 2 2 4(1) 2(1)
Piper amal ago L. Pipcraccae ncotropics 1 1 1
Piper glabrescens (Miq.) C. IX'. Pipcraccac ncotropics 1 48 2 51 3
Piper hispidum Sw. Pipcraccae ncotropics 1 1 1
Psychotria berleriana DC. Rubiaccac ncotropics (5) (3) 5(3) 2(7) (3) 3(5) 1(8) 11(34) 4 (7 )
PsYcholria brachiala Sw. Rubiaccac ncotropics (1) (I) (3) (5) (3)
Psychotria sp. 1 Rubiaccac • 9 9 1
Psychotria grandis Sw. Rubiaccac ncotropics (1) (1) (I)
unknown woody species
unknown #07 • (1) (1) (1)
unknown #09 • 2 2 1
unknown # 11 • • (1) (1) (1)
woodv vine
Abrus precatorius L. Fabaccac India 1 1 1
Cissampelos pareira L. Mcnispcrmaccac ncotropics 1 1 1
Dalbergia monetaria L. Fabaccac ncotropics 3 3 1
Forsieronia porloricensis Woodson Apocynaccac endemic (7) (2) (9) (2)
Heteropteris laurifolia (L.) A Juss. Malpighiaccac ncotropics 3(2) 1 4(2) 2(1)
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Marcgra\'ia reclijlora Tr. and Pl. Marcgraviaccac Caribbcan+ (1) (1) (2) (2)
Mimosa ceralonia L. 1abaccac Caribbean (1) (1) (1)
PauUinia pinnata !.. Sapindaccac ncotropics 1 1 1
Philodendron angusiaiiim Scholl Araccac Caribbean I») 1(6) (4) (5) 1(16) 1(4)
Pinzona coriacea Mari. & Ziicc. Dilicniaccac Caribbean (1) (II (I)
Pisonia aculeaia L Nyctaginaccac ncotropics 1 1 1
Rourea surinamensis Miq. Connaraccac ncotropics ( " ) ( » (11) (2) 1(11) 1(11) 2(47) 2(6)
Schlegelia brachyaniha Oriscb. Scrophulariaccac ncotropics (1) (1) (1)
Securiilaca virgata Sw. Polygalaccac Caribbean 4 4 1
Smilax haveiKnsis Jacq Smilaccaccac Caribbean (9) (9) (1)
unknown# OS • • 1 1 )
niM.
hcrb
Zingiber sp. Zingibcraccac S. Asia (1) (1) (1)
ftrn
Cyalhea horinquena (Maxon) Domin Cyathcaccac endemic (6) (19) (5) (30) (3)
Thelypieris reticulata (1..) IVoctor Thclyptcridaccac ncotropics 1 1 1
dtad . » 1(18) 1(15) 9(11) 1(11) 1(9) 9 (9 ) 9 (1) 1(1) 32(75) 8(8)
total # live indiv / road: 0(139) 22(120) 17(128) 51(190) 88(69) 127(173) 151(115) 79 (98) 535(1032)
total # spp / road; 0(30) 6(31) 8(33) 15(31) 10(26) 21(26) 28(31) 29(23) 69(91)
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Road Trtmt Plot Litter Mais Soil Bulk Denilly Crav. 11,0 SOM TKN netNmin Grav. 11,0 TKN SOM netNmIa
Age (R/F) No. (m ‘) Depiti pli (g/em^l (% ) (% ) (•/.) (MRB'l4d') la 11,0 e ' àry sait cm ') (a N f  ‘ dr) >oil cm ') (*/• SOVt a ' dry toil cm ') (Ma a ' Idd ' a ' dry toil cm^)
4 F 1 14836 4 30 0.6425 0 6610 15 4136 0 3673 0 1893 39302 2 3601 0.9903 0.8295
4 F 2 9710 5.53 06421 06594 106151 02738 0 0000 4.6353 1 7578 06816 00000
4 F 3 9300 4 28 05082 08996 15 5614 0 3394 0 1117 2 9817 1.7248 0.7909 0.4049
4 F 4 10095 428 0.5265 0.9935 13 9207 0.4661 0.0734 42149 24541 0.7329 0.2686
4 F 5 1390 3 4.20 0 3947 09799 22 5889 04085 00856 3 3530 16127 08917 -1.0555
4 F 6 1299 1 4.28 0.5213 0 7423 24 4107 0 3947 00664 44224 2 0577 1 2726 0.1232
4 F 7 1076 8 4 40 0.6011 06142 17 5279 03395 -0.0137 4 5679 2 0405 10536 00031
4 F 8 15148 433 04271 09702 20 1579 0.3639 •00338 46721 1 5544 0.8609 -01571
4 F 9 823,8 4.45 0.4406 09625 18 2555 0.5018 0 1868 5 1013 2.2112 0.8044 0 1943
4 F 10 1108 5 4.58 05786 0.8691 17.1278 0.3381 00298 5.6199 1 9562 0 9911 0.1341
II F l 1268.5 4.28 0.7742 04934 13 9985 0.3215 ■0.2166 4.1873 24890 1.0838 0 0059
II F 2 1361.0 43 3 07328 05187 15 0378 0.3719 -0.2026 36505 2 7253 1 1020 0 2214
II F 3 1773.4 4.25 04072 0 7669 206753 0.5360 0 0970 3 2518 2 1823 0.8418 0 3066
II F 4 706.2 0.6773 0 7102 -0.0664 4 5368 0.0698
II F 5 1804.9 4.13 0.2335 0.7626 24.3150 0.6097 -0.1871 19454 1 4236 0.5677 0.1965
II F 6 3460.0 4.18 0.2672 0.7992 214116 0.5598 -0.5810 3.4621 14960 05722 -02423
II F 7 17768 4.35 04574 0.7111 15.8430 0 4699 -0 0935 3.0052 2 1495 0.7247 0.4368
II F g 995.7 4.65 06908 0.5799 17.1146 0.4211 0.0096 48892 29085 1.1822 04644
11 F 9 1225.5 4.45 0.4897 06502 18.9736 0.7082 -0.4386 3.6910 3.4680 09291 -0 4989
II F 10 868.6 4.13 0.6940 0 7284 21 3176 04713 -03122 5 5643 3 2709 1 4794 -0 6132
16 F ) 851.1 42 3 0.6241 0.4994 11.7874 0.4310 0.2985 2 9201 2 6901 07357 1 1329
16 F 2 2428 1 445 0.5136 0 5621 172901 0.5528 -1 2028 3 0423 2 8390 0 8880 -2.0412
16 F 3 1293 1 4.35 0.6448 0.6047 16.2853 0.4975 -0.0168 42439 3.2078 1.0500 00022
16 F 4 7530 45 5 0.4989 0.7590 15.0507 0.4305 0.0606 44015 2 1475 0.7508 02077
16 F 5 1115.9 433 04187 08060 17 0611 0.3767 -0.0885 4.4264 1 5770 07143 -00186
16 F 6 1846 8 4.35 06097 04348 14.5333 0.3330 -0.2083 45123 20304 0.8860 -00743
16 F 7 11320 4.70 06103 0.7153 164353 0.3622 -0.0010 6.5681 22107 1.0030 -0.0077
16 F 8 839.7 4.50 06412 06851 12.8818 0.3211 -0.0608 6.1709 2.0588 0.8260 0.2673
16 F 9 2007.1 4 38 0 5193 1 1359 14.1259 0 3110 -0.0192 4.8053 1.6154 0.7336 -0.0665
16 F 10 1599.7 43 3 0.6763 06197 154138 03338 -00802 4 2471 2 2578 1.0425 -0.3984
20 F 1 11976 455 04670 1.0064 23 4288 06179 -0.7516 5.6358 2.8854 1.0940 -0.5942
20 F 2 1743 9 4.63 0.4699 0.9342 26.3589 0.6291 -0 1113 6 0076 29560 1 2385 -0 1181
20 F 3 11930 4 58 0.4828 0 9861 24.8882 0.6093 -0.0020 4 5422 2 9417 12016 00319
20 F 4 1283.7 4.40 0.3975 1.0851 24.0782 06368 0.0737 40144 2 5312 09570 0 2042
20 F 5 1522.3 4.72 0.4815 0.9423 25.4124 0.6283 -00100 54157 3 0251 1 2236 -0.0020
20 6 1434.6 4.50 06251 1 0019 234410 0.5739 -0.0027 8.3155 35873 1.4652 00341
20 F 7 9438 44 5 06643 0.9350 19.4490 0.4620 -06626 8.8963 3 0689 1 2921 -10109
20 F 8 2161.7 445 0.6043 0.8608 21.9367 0.5415 -05767 74706 3 2722 1.3257 -0 5847 K)
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20 K 9 2835 5 473 03612 0 8051 23 9259 0 4651 -00939 4 6446 1 6798 0 8641 -0 0455
20 F 10 2566 8 4 68 07893 1 0275 25 1592 0 4627 -07562 9 2786 3.6525 1 9859 -1.3160
26 F 1 2991 5 483 04963 07517 21 1647 0 3792 0 5399 4.7298 1 8816 1 0503 06562
26 F 2 1760 3 4 50 0.5627 0 5294 23 0120 0 4010 0 7724 5 7999 2 2566 1 2949 0 9687
26 F 3 1104 2 4 55 05385 0.7905 22 9727 0 5213 -00082 4 9234 2.8071 1 2370 00559
26 F 4 2004 6 428 0.1178 20269 75 4502 1 5128 0.4004 4.3780 1 7817 08886 02506
26 F 5 1686 7 4 50 04503 0 6561 24 5246 0 4671 1.2800 5 4810 2 1034 1 1042 2 3336
26 F 6 1323 2 4.40 02948 1 5782 55 5293 1 3137 0 4431 5.9852 3.8727 1 6369 05615
26 F 7 621 1 4.73 0.7816 07167 18 6920 0 3684 0.1896 13.3374 2 8791 14609 0.3056
26 F g 1280.9 4.80 0.5046 04993 204070 0 3721 -0.0162 4.1705 1.8775 1.0297 -0.0400
26 F 9 1451 8 5.15 0.4506 0.8939 17 0629 0 3190 02444 3.0434 1 4374 0.7689 0 7051
26 F 10 12734 433 22 4469 0 5236 0 6686
30 F 1 8305 5 10 1 0523 0 6756 18 3037 0 5229 0 3394 9.0066 5 5027 1 9261 09369
30 F 2 1125 8 4.95 0 8742 06104 30 2629 0 5733 3 1030 62138 50121 26457 62532
30 F 3 1352.8 523 0.7999 07048 20 4368 0 6392 3 3545 7.0034 5.1127 1 6348 6 2165
30 F 4 1294.2 523 0.7963 0.6440 19 5979 0.6300 1 1644 7.4570 5.0167 1.5606 2.7012
30 F 5 1132 9 4.75 0.8519 0.5743 18 4537 0 5451 8.9804 6.3922 4.6440 1 5720 17 5947
30 F 6 1607 9 5.23 0.8009 0 7007 19 3159 0 5984 0.0616 6 9464 4.7929 1 5471 0.2502
30 F 7 1182 7 5.35 0.3878 0 7060 20 2550 0 6211 0.0000 3 5159 2 4086 0.7855 0 0000
30 F 8 16269 5.08 08171 0 7796 19 9910 0 5387 00380 9.2507 4.4015 1 6334 02535
30 F 9 3607.9 475 0.6617 0.8128 19.3294 0  5186 -00242 76298 34318 1.2791 -00525
30 F 10 14676 4.93 0.6883 0.7120 19.7222 0 5400 -0.0107 6 3415 3.7163 1.3574 0.0508
40 F 1 17197 445 0.6450 0.5619 16 8814 0 7223 -0.5537 4 5413 46587 1 0889 -1 1510
40 F 2 1343 5 4.48 0.7739 0.6391 20.6280 0 6131 -0.4862 5.3652 4 7445 1 5964 -1 3162
40 F 5 16906 4.95 0.7779 0.6025 22 4321 0 6102 -0.3922 4.8902 4 7471 1.7450 -1.0395
40 F 6 20726 4.70 0.5623 0.5609 22 5320 0 6029 -0.3627 6.3788 3 3896 1.2669 -0 7978
40 F 7 2049 2 4.75 0.5809 0.7793 22 1326 0.6812 -0.3567 5.8799 39570 1 2856 -0 6494
40 F 8 1483.9 4.75 0.4479 0.7543 27.2701 06962 -10571 10.4880 3 1183 1 2215 -0.9757
40 F 9 2398.8 460 0.6235 0.6468 288901 07236 0.1668 140751 4 5113 1 8012 27571
60 F 2 864.1 5.33 0.7139 0.7432 23.5083 0.7916 -0.4029 11.7794 5.6516 1 6784 -0 8403
60 F 3 1501.3 5.00 0.6726 0.7828 23.8588 0.7703 -0.5738 89616 5.1810 16048 -1 2294
60 F 4 1890.2 4.95 0.5086 0.6416 24.1026 0.8187 -0.5588 4.4313 4 1639 1.2259 -0.7543
60 F 5 1754 2 4.88 0.6004 1.0492 24 2208 0.7285 -05716 5.6460 4.3740 1.4542 -0 9419
60 F 6 15648 520 0.4949 0.8284 24 6678 0 5796 -0.9412 3.2819 2.8687 1.2208 -1 2667
60 F 7 1387.0 4.79 0.4700 0.9546 23 0525 0 7412 -10299 4.3295 34840 1.0835 -1 2730
60 F 8 1427.5 4.98 0.5397 0.9569 24 2147 0 8016 -0.7601 4 6918 4.3262 1 3068 -10524
60 F 9 %9.5 5.01 0.4397 1.0349 22 4387 0.6591 -0.7008 3 1441 2 8982 0.9867 -0 9424
60 F 10 8836 5.03 0.4453 1.0346 23 7536 0.7250 -0.4975 3.4195 3.2285 1.0578 -06298
4 R 1 721.1 3 6212 6 00 06298 0.8246 13 5413 0 3561 00032 1.5216 08120 0.3088 -00452
4 R 2 992.9 1.5152 6 03 0.5316 10722 11 3863 0.4348 00494 0.5426 0.3503 0.0917 00284
4 R 3 588.7 1.5909 5.60 0.8700 0.6725 105545 0.3371 -0.1030 0.9278 0.4666 0.1461 -0 1153
4 R 4 912 1 2.3788 5.50 0.7774 0.6173 10.9903 0 2929 0 0378 1.0602 0.5417 0.2032 00144
4 R 5 1231.5 15303 5.70 06523 0.7777 116222 0 3155 0.1878 04422 03149 0.1160 0 0492
4 R 6 634.3 20909 5 55 0.6082 09560 110404 0 3414 0.0725 0.9455 0.4341 0.1404 00389 M
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4 R 7 4316 1 3182 5 75 0 5891 0 5528 16 7409 0 6097 -0 5040 0 6588 0 4734 0 1300 -0.3058
4 R 8 910 1 08788 5 83 0 6343 0 5611 9 3816 0 3237 0 1805 00523
4 R 9 9475 1 1667 5 75 14 3079 0 5718
4 R 10 1379 9 2 2879 5 50 0 8353 0 6435 112661 0 4108 00128 1 5034 0 7851 02153 00190
U R 1 1878.1 60758 5.15 0 6061 09206 14 0397 0 2826 0 0207 3 3891 1 0407 0 5170 00593
II R 2 585.9 4 2879 5 48 0 7599 0 8126 13 7917 0 3994 0 1330 3 0315 1.3015 04494 03113
II R 3 991.1 1.9091 5.30 08364 0 3831 15 0029 0 3141 -0 0571 0 9095 0 5016 0 2 3 % 01470
II R 4 10266 22121 5.40 0.6131 0 5098 11.6171 0 2544 0 0744 0 8379 0 3451 0 1576 0 0614
II R 5 489.8 2.4242 5.18 07362 0 5714 12.0661 0 3817 01023 10178 06813 02154 01222
II R 6 1058.4 2 5606 5 30 06062 06723 17 8770 0 39% 0 2271 1 7288 0.6204 0 2775 03392
II R 7 397.6 4.4394 5.85 06337 07225 13 4772 0 3940 0.0966 2 7730 1 1084 03792 0.1970
II R 8 11174 1.9091 5.63 0 7099 06936 19 0295 0 5788 -00928 0 9857 0 7845 02579 -0 0176
II R 9 769.9 2.9848 5.43 0 5904 06838 19.1562 0  4227 -00899 1 7291 0.7450 03376 -00617
II R 10 638.8 2.3788 5.38 0.3884 1.2828 305514 1.4713 -0.1238 1 5699 1.3594 02874 -0.0370
16 R 1 5126 3.3939 5 17 0 6731 05846 14 8009 0.5140 -0.4936 16626 1 1743 03381 -0 3402
16 R 2 5896 3.1667 5 25 05737 0 8612 15 0899 0.4907 -0.6799 2 8220 0 8916 0 2741 -02952
16 R 3 521.3 17.9394 4.98 09147 06791 18 6748 0.2079 -0.3408 78466 1 9020 1 7082 -0.7535
16 R 4 324 1 2.3788 5.65 0.7626 05055 12 1624 0 3111 0.0186 1.2454 0 5644 02206 00076
16 R 5 6552 2.1364 5 05 05493 0.7461 21 8190 0 7398 00808 2.0589 08682 0 2561 00214
16 R 6 523.2 4.5758 5.68 05967 0 9387 10.9296 0.2659 00017 3 0478 0.7259 02984 00011
16 R .7 809.2 2.3030 5.43 03306 19193 17.0388 0 5778 0.0297 1.0213 04400 01297 0.0057
16 R 8 1141 2 1.9242 5.05 0.5939 0.7933 17 6743 04371 -0.2970 1 8209 04996 0.2020 -0.0839
16 R 9 6943 3.3636 5 33 04854 09676 26 4419 0 4813 0.0032 39815 07859 04317 0.0012
16 R 10 1086.7 6.0758 5.30 0.7238 0.7266 11.6615 0 2195 0.0401 4.7155 0 % 5 6 05129 00398
20 R 1 1168 4 5.9032 4.95 0.5993 09334 16 1144 06548 0.3692 33566 23164 0.5701 0 5769
20 R 2 1762.0 1.8750 5 18 0.4188 1 5742 27.2343 0 8741 00741 1 2167 06865 02139 0.0449
20 R 3 1675.2 4 4697 5.18 0.5684 10524 19 2682 0.7665 0.0541 3 9563 1 9474 0.4895 0 1297
20 R 4 14676 1.5409 5 23 06529 0.9906 20 2633 0.7376 03227 0 9547 0.7421 0.2039 02323
20 R 5 1066 5 2.2424 5 23 0.7183 0 7208 16.8774 0 4857 0.1794 10163 07823 02719 00896
20 R 6 1544.4 2.9091 4.95 0.7017 0.9489 17 3642 0 4632 -0.3822 24487 0.9456 03545 -02004
20 R 7 1308 3 4.4091 5.13 0 6481 0.8611 19.2226 0 4668 -1.4059 2.2264 1.3340 0.5493 -0 8616
20 R 8 18162 2.0758 4.93 0.4116 13466 31.9485 0.7358 -0.3343 1.0113 06286 0.2729 -0.0608
20 R 9 1387.3 2.5152 5.65 0.4877 1.2107 26 1217 0.5770 00000 1 7608 07078 0 3204 00000
20 R 10 1260 9 2.1667 5.78 0.4748 10779 25.7033 0.6688 -0.0546 0.9898 0 6881 0.2644 -0.0127
26 R 1 23320 1.8788 4 98 02714 1 3578 35.5758 1.2664 3 4198 22109 06457 01814 0.4415
26 R 2 843.8 1.5000 5.38 0.4434 08536 24.5391 08014 0.2367 0 9213 0 5331 0 1632 00329
26 R 3 1681 3 4.0152 492 0 1889 1.5306 63.0464 1.7427 1.0448 1.9266 1.3217 0.4704 0.2364
26 R 4 1129.7 1.7727 508 02187 1.3615 45 1607 1 7853 1 1634 0.9169 06922 0 1751 0 1934
26 R 5 1023 8 2.8939 5.05 0.3689 0.8429 32 3036 0.8300 2.2069 1 4763 0.8860 03448 0.5108
26 R 6 803.5 2.0000 4.85 0 2985 1 4966 38 7778 0 9199 5.2176 1.7719 0 5491 02315 0.7036
26 R 7 11849 3.5000 4.95 02496 1.5132 29 7956 1.7040 2.1799 2 3571 1 4883 0.2602 04059
26 R 8 1106 8 3.3125 5.13 0.3039 1 2339 30.9917 1.0632 35041 1 1973 1.0702 0.3119 0.7587
26 R 9 16619 3.4545 5.35 0.4351 10183 19.8950 04715 0.2949 1.4849 0.7086 0.2990 0.0490
26 R 10 1347 1 1.9848 5.49 0.5319 09210 19.3353 0.5617 1 8391 09719 0.5930 0 2041 0.4283 ro
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30 R 1 12979 17.5714 6 20 0 8269 0 5680 14 3729 0 6681 4 7471 44724 4 0345 0 8680 66395
30 R 2 1533 2 7 3036 623 0 7053 0 7251 19 4618 0 7081 2 3697 2 1592 23118 06354 1 7747
30 K 3 1211 1 4 6290 6 15 09130 05662 15 9797 0 5541 1 5888 2 4625 2 0236 05836 1 3618
30 K 4 1654 3 4 0000 6 20 08114 0 5694 16 3700 06681 0 4733 3 4457 4 0253 0 9863 08254
30 R 5 1643 1 7.4259 545 0 7651 0 7180 17 3054 04263 0 1057 5.6918 2 2598 09174 02136
30 R 6 13853 6.9286 5 33 0 7620 0.7192 21.3366 0 5799 -0.0473 3.9985 2.9006 1.0672 -0.1626
30 R 7 2086 2 6 5645 5 43 0 7656 0 6416 18 4714 04942 -0 1077 5.2434 2.8945 1.0819 -04928
30 K 8 1647 2 76500 5.18 07489 0 8084 17.9313 0 4206 -00300 5 7424 2 7623 1 1777 -0 1070
30 R 9 2079.9 8 7692 5 05 0 7864 0 6453 18.9667 04552 00244 7 6369 3 5796 1 4915 0.1495
30 R 10 1129 1 11.3571 5 00 0 7038 07900 18 8319 04680 -0 0107 80154 3.2936 1 3254 -0 0170
40 R 1 6760 100303 5.98 07755 0 6726 13 7081 0 4064 -0 2613 7.3832 3 1513 1.0630 -0 4244
40 R 2 14460 46094 6 28 06981 0 5568 16 3623 0 4612 -06154 3 1203 1.4841 0 5265 -04359
40 R 3 16697 30303 5.78 0 5691 09198 20 4557 0 5323 -0 3352 1.3306 0 9180 03528 -0 1546
40 K 4 1092,3 7 1818 5 35 0 7084 0 6479 19 4755 0 5341 -0 7705 5 3273 27171 0 9908 -0 9037
40 R 5 14110 8 4697 5 25 04176 0 7647 20 3954 0 5242 -0 1570 2.5988 1 8539 0 7214 -00065
40 R 6 1202.4 10.4848 5.20 06506 0.8872 20 6773 04803 -03842 6,5096 3.1246 1.3452 -05549
40 R 7 8842 14 % 97 5 10 06497 07230 17 7052 0.3858 -1.7458 54449 2.50f,7 1 1504 -2 4946
40 R 8 10987 5.0606 5 18 0.5986 08764 22.1067 0 4137 -0 5266 4.7959 1 2533 06696 -04518
40 R 9 1455 5 16 8788 5 30 0 7188 08435 17 6238 0 3696 -0 3324 8 3948 26566 1 2667 -09361
60 R 1 12158 15.4091 5.53 0 7030 05982 23 4170 0 7597 -03206 7.7572 5.3403 1 6462 -0 8747
60 R 2 1744 4 139333 5.28 08043 0 6808 23 9255 0 6519 -06036 13.1792 5 2433 1 9244 -1.5752
60 R 3 17950 11.4545 5.38 0.8034 0.5700 21.7410 0.7040 -05824 11.8842 56565 1 7468 -1 2631
60 R 4 1720.7 12 8485 5.33 06750 0.6769 22.6615 0 7192 -06221 4.2972 4.8540 1 5296 -1 2410
60 R 5 1001.5 14.3182 5.15 07389 0.6587 23.7077 06170 -0.5308 9.5856 45592 1.7517 -1 2994
60 R 6 1064 4 13 4242 5.13 0.5344 0.8199 22.1113 0.6808 -1 1311 4 3517 36384 1.1817 -1 7243
60 R 7 1165 4 114194 5 47 04285 0 8531 23.5556 0 6247 -0 6148 4.2094 26768 1.0093 -08543
60 R 8 12105 11.1719 5 27 06996 0.9556 21.3488 0 5259 -06497 5 9926 3.6794 1 4937 -1.4257
60 R 9 1176 1 8.0152 5.35 04772 09602 24 6448 0 7668 -06788 44472 2 9328 0.9425 -0 4618
60 R 10 946 1 13.9545 5 27 0 5205 10657 23.8473 0 7998 -06406 5 4341 4 1627 1.2411 -1 1215
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Appendix II. Line intersect species list. Percent line interesect cover (in) for all plant species > 2 m tall comprising the canopy above 
plots of eight roads (R) and adjacent forests (F). Listings are alphabetical by genus within life-form categories. For all 
treatments, n = 10 except for roads abandoned for 40 yr ( n = 9) and adjacent forest (n = 7). Botanical nomenclature 
follows Little et al. (1974), Little and Wadsworth ( 1989), Taylor (1994), and Acevedo-Rodriguez and Woodbury 
(1985). A * signifies species of unknown origin; a blank indicates species absence.
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4 y r II yr 16 yr 20 yr 26 yr 30 yr 40 yr 60 yr lotOiilcs
S ptcin laraily origin RIF) R(K) H (F) R(K) R(F) R (F ) R(F) R(F) R(F)
caaopy ircc
A J e iu in lh m i p a n m in ii 1, Fabaccac India'Asia 7.5 2.5 (9.9) 2(1)
Alcliorneu luufuUu Sw Euphorbiaccac Caribbean 2.5 (0.2) 23(0.6) 0.8 (9.6) 1.5 (4.3) 15.5(5.6) 5(5)
A k h o rn e o fu is  Jh rih iim lii Huphorbiaccac PR, Hispaniola (5) 1(12) 1(2)
(Ben(h.)Mucll. Arg
A nJira  m ermis (W, Wrighi) DC Fabaccac ncoUopics 1 (I.J) (4) (7.5) (1) 1(4)
A nihiK ephulm  ch inem is Rubiaccac SE Asial: Indies 64.5(23) 1(1)
(Lam ) A Rich, cx Walp
ArUKurpus iillilis Moraccac Pacific islands 3 1(0)
{S Parkinson) Fosbcrg
Azihiirachia in J ia i A, Juss Mcliaccac India 3.5 1(0)
Huchemivia leiraphyllti Combrctaccae ncotropics (7) (10) (6) 35(10) 5.8(20) » 6.7 4(5)
(Aubl )R. A. Howard
ttyrsom m asp ica tu  (Cav.)HBK Malpighiaccac ncotropics 3,6 (8,8) (8,3) (16.1) 12(17.)) (0.5) (1.5) 6 .30 .)) 3(7)
I 'u lo p h y llu m a ila h a  L. Clusiaccac ncotropics 9.5(35.5) 2 3(0.7) 3(2)
C atypiranlhcs zuzygium  (L.) Sw. Mynaceae Caribbean, Florida (1.5) 0(1)
I 'm e u riu u rh o rea  (Rich.)Urb. Flacouniaccac ncotropics 10.5(21) 1.2(11.8) 15.7(45) 6.8(13) (1.5) 3.1 (23.5) 5(6)
C iue iiria sp . I Flacouniaccac • (5) 0(1)
Caseariu .lylrcslris Sw. Flacouniaccac ncotropics (5.5) 0.2 (4.5) (2.5) 9.7(6) 3.3 14.2(3.9) 4(5)
( 'lusipourea gu ianem is  Aubl Rhizophoraccac ncotropics (1.3) (0.8) (1.7) (7.9) 0(4)
( 'u fuarina  sp. Casuatinaccac Australia 1 1(0)
( ’ecn ip m  schrehenunu  Miq. Moraccac ncotropics 2(0.8) 16.8(7.8) 5.8 (1.5) 7.3(4) 1.7 (1.4) 0.5 6(5)
( 'esirum m ucrophyilum  Vent Solanaccac PR, Hispaniola 0,5 3.5(81) 2(1)
C esirum sp . 1 Solanaccac • (0.9) 0(1)
C hiim iin lhm  Lam Olcaccac Caribbean 1.5 3.5(3) 10.7 (25) 3(2)
(  'hrysiihulanus tcaco  var. pcIliKurpus Rosaccac ncotropics (0.9) 0(1)
(O F. W.Mey.)DC,
C m n a m m u m  elim gulum Lauraccac Caribbean (2.6) 0(1)
(Nccs) Kostcrm.
I 'llr u i .xparailisi Mac lad Rulaceac Asia 3 (9) 1(1)
C luseu ri).sea Jacq. Clusiaccac ncotropics (5.3) 0(1)
C iiccoIoIhi Jn v rs ifr l iu  Jacq Polygonaccac Canbbcan (0.7) (0.7) 0(2)
CiK-ciilohii pyrifo liu  Desf Polygonaccac endemic (2.1) 1(1.4) 1(2)
Corilia hurinquensis Urb. Boraginaccae endemic 2.3 (1.8) (0.8) 0.4 (2.7) (3.7) 1.1 (3.1) 3(5)
Croicm p iiec ilan lhm  Urb. Euphorbiaccac endemic (4.8) 0(1)
Cyrilla  racem iflora  L. Cyrillaccac ncotropics (3.4) 1 4 0 1(2)
D acryodes e.xcetsa Vahl Burscraccac Caribbean 11(54.8) 2 (40.5) (16.6) (33.5) (7.1) 6.9 3(5)
D endropanax arboreus Araliaccac ncotropics 3.5 1(0) w
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(L )Dccnc Si Planch,
D n p c le s  glauca  Vahl Huphorbiaccac Caribbean (5) 0,7 (2.8) (4.4) 1(3)
F.ugcnta Muhlii (Kiacrsk ) Krug & Urb Myrtaccac endemic (1,7) (0,6) (17.3) 0 ( 3 )
I'aram ea ocxidcnlalis (l. )A Rich Rubiaccac ncotropics (6.5) (6.5) 0.3 (0.5) 1(3)
/•Vim c ra ssm e m u  Desf. Moraccac Canbbcan 6.4 1(0)
/ 'ViM sp. 1 Moraccac • (4.5) 0 ( 1 )
( lliriciilia  scpium  (Jacq ) Kunlh cx Walp Fabaccac ncotropics 0.2 1(0)
( luarca  g lahra  Vahl Mcliaccac ncotropics (6.2) (1.8) (5.1) 0 ( 3 )
(iuarea  guii/iinia  (1. ) Slcumcr Mcliaccac ncotropics 3.3 6 (5) 20.8(8) 3 ( 2 )
< 'luellarJa .scahra (L ) Vent Rubiaccac ncotropics 1.5(4.2) 1(1)
Ciuciiurtla valenzuelana A. Rich Rubiaccac Caribbean (1) 3.4 0.6 13.3(3) 3 ( 2 )
llir ie lla  rugosa  Thuill cx Pcrs Chrysobalanacca cndcmic (3.7) (2) (16.4) 2.3(54) 0.5(16.5) (5) 2 ( 6 )
H om alium  racem osum  Jacq Flacourtiaccac ncotropics 1 (1.5) (0.6) <«) 10.3 4.7 (6.5) 6.5(10) (0.8) 4 ( 6 )
H ym enaea courharil L Fabaccac ncotropics 1.5 1(0)
Ilex sUlero.xyloules (Sw ) Oriscb Aquifoliaccac Caribbean (2.5) (12.5) 0 ( 2 )
tn g a la iin n a  (Sw.) Willd cx I, Fabaccac ncotropics (0.2) 7 1.5 (9) 5(5) 0.4 4 ( 3 )
Inga veru Willd ex L, Fabaccac ncotropics 27.8(7) 17.8 4 18(0.6) 1.8 5 6 ( 2 )
Ixora fe rrea  (Jacq)Bcnlh Rubiaccac Caribbean (!) (1.5) (3.1) (2.1) (1.4) 0 ( 5 )
la p la cea  porloricensis Thcaccac cndcmic (1.5) 0 ( 1 )
(Krug & Urb.) Dyer
la u ra ce a e  sp. 1 Lauraceae • (1.8) 0 ( 1 )
la u ra ce a e  .sp. 11 Lauraceae • 0.7 1(0)
la u ra ce a e  .sp. Ill Lauraccac • (0.5) 0 ( 1 )
h m ra c ea c  sp. IV Lauraccac • 3.5(10.9) 1(1)
la u ra ce a e  sp. V Lauraccac • (1) 0 ( 1 )
M angifera inilica L. Anacardiaceac Asia 0.6 4.4 2 ( 0 )
M unilikarahiilen la ia  (A. DC.) A Chcv. Sapotaccac ncotropics 3.8 (6.3) (13.2) (5.5) (1.5) 3.6(20.7) 2 ( 5 )
M aigarilaria  nohilis L. f. Huphorbiaccac ncotropics (6) 0 ( 1 )
M alayhailom ingucnsis (DC.) Radik Sapindaccac Caribbean (0.2) 10.3(10.3) 0.8 2(2)
M elaslom alaceae sp. 1 Mclastomaccac • (7.3) 0 ( 1 )
M eh m m a  herherlii Rolfc Sabiaccac Caribbean (6.4) (0.7) (0.7) 0 ( 3 )
M iconiam irah ilis  (A udb)LO  Williams Melastomaccac ncotropics (■> 22.3(1.3) (2) 1(3)
M icon iasp . 1 Mclastomaccac • (1.3) 0 ( 1 )
M iconia sp. 11 Mclastomaccac • 0.6 1(0)
M iconia sp. Ill Mclastomaccac • (0.6) 0 ( 1 )
M iconia  leiandra  (Sw.) D. Don Melastomaccac Caribbean (2.3) (2.3) 4.6(12.5) 0.5 (4.5) 1.3 (0.8) 8.7 4(5)
M icropholis chrysophylloides Pierre Sapotaccac Canbbcan (5.6) (8.2) 0(2)
M icropholis garciniifolia  Pierre Sapotaccac endemic (6) (3) 0(2)
M oraceae sp. 1 Moraceae • (3.5) 0 ( 1 )
M yrciadeflexa  (Poir.)DC Mynaceae ncotropics (4.4) (3.4) 1.6(30) 1.8(55) 3.1 (23.1) 3 ( 5 )
M ynaceae sp. Ill Mynaceae • (2.5) 0 ( 1 )
M ynaceae sp. IV Mynaceae • (2) 0 ( 1 )
Neclundra .sp. I Lauraccac • (4) 0 ( 1 )
S ec lam lra  lurhacensis (Nccs) Mcz Lauraccac cndcmic (1) 0 ( 1 )
O chrom a pyram idale (Cav. cx Lam ) Urb Bombacaccae ncotropics 10 1( 0)
O colea leucfixylon (Sw. ) Lancss Lauraccac Caribbean (12.4) 1 (4.4) (7.6) 1.5(12,5) 7.1(1) 1.5(5) 1.8(15.9) (22) 5(8)
O colea .spalhulala Mcz. Lauraccac PR, Cuba (0.9) (0.7) (2.5) 0 ( 3 )
O rm asia krugii Urb. Fabaccac Caribbean (15.9) (5.5) (13.5) 1.5 8.3 (5.2) (2.9) 2 ( 5 )
(h a m lr a  laurifolia (Sw.) A. Rich Annonaccac Caribbean (1.8) 0 ( 1 )
Sapium  laurocerasus Desf Huphorbiaccac cndcmic 5.5 1(0)
Schefflera m oroloiom Araliaccac ncotropics (1.5) (9.9) (3) 0.2(2) 9.9 (4.2) 2.5 2.8 (0.7) 1 (8.3) 5( 7 )
(Aubl,) Maguirre, Sicycrm & Frodin WN)
■o
o
Q.
C
8
Q.
■O
CD
C/)(/)
8■D
3 .Cû
3.
3"
CD
CDTD
O
Q.
C
aO3
"O
O
CD
Q.
"O
CD
C/)
C/)
SliKinai herifrid iu i Choisy Elacaocarpaccac Caribbean (0.5) (18.3) (21.4) 4.5(1) 2.8 (3.9) 2(5)
Spulhiklca canipanuliild 1* Bcauv Bignoniaceac W Al'iica 3.5 1(0)
S l\ra x  porliiricem is Krug & Utb Styracaccac cndcmic (1) 0(1)
Su ie len iti miicriipliylhi King Mcliaccac Centrai s America 37.8(18) 08(0.3) 2(2)
Syzygn im jum hm  (L ) Alston Myrtaccac SI; Asia 20.1 (31.4) 0.9(9) 2(2)
ïu h e h w ti hetcruphyUa (DC ) Drilton Bignoniaceac Caribbean (2.5) 0.3 (7.5) (1) 27.8(51.3) 7.1 (1.4) 11.5(25.6) 4(6)
TecUmii grum hx !.. f Vcrbenaccac S Asia • Malaya 2.5 1(0)
Tcirazygiii urhtim i Cogn Melastomaccac cndcmic 0.6(7.11 1(1)
Trichiliii pu llu la  Sw Mcliaccac Caribbean (5.5» (0.6) 0.8 (1.3) 1(3)
Tiirpiiiia iic iu len ta lu  (Sw ) Don Slaphylcaccac ncotropics 3.9 1 (0)
unknown n02 (3) 0(1)
unknown «03 2 1(0)
unknown «04 (6) 0(1)
unknown «06 (9) 0(1)
unknown «08 (4) 0(1)
unknown «10 3 1(0)
unknown «12 (1) 0(1)
unknown «14 (5)b 0(1)
unknown « 1S (1) 0(1)
unknown «16 0.7 1(0)
unknown «17 (1.5) 0(1)
unknown «21 (4) 0(1)
'/Miilhaxylum m u riiim vm e  (l.am ) DC Rutaccac Caribbean 15(1.7) 1(1)
lb rub
V ulycagom um  sq m m iim u m  Cogn Mclastomaccac cndcmic (1) 0(1)
C lusia g u n llu ch ii SiabI Clusiaccac endemic (2.2) (1) 0(2)
C om aclailia glahra  (Schull.) Sprcng Anacardiaceac PR, Hispaniola 0.5 1(0)
C iirJia  su lcula  DC. Boraginaccae Caribbean 5 1(0)
Eugenia p seu lopsh lium  Jacq. Myrtaccac neotropics (0.6) 0(1)
Cionzalaguma spicaia  (Lam )M. Gômcz Rubiaccac ncotropics 0.5 1 0.6 0.8 4(0)
H enricliea fascicularis (Sw. ) M. Gômcz Melastomaccac ncotropics 0.2 (3.6) 2.3 2(1)
iM iilana cam ara  L. Verbancaccac • 2 1(0)
laisiam hux lanccala lm Rubiaccac Caribbean (0.2) 0(1)
(Griscb )M. Gômcz
M ecranium  am ygdalinum Melastomaccac Canbbcan 1.4(1) 3.8 2(1)
(Dcsr.)C. Wright
M icim ia  im pelm luns  (Sw.)D Don Melaslomaceae ncotropics 13(0.6) 1 (3.3) 2(2)
S h ca m a  laevigata (L.)DC. Melastomaccac ncotioplcs (3) 0(1)
M iconia prasm a  (Sw ) DC Melastomaccac ncotropics 1 8(14.2) 9(11.6) 33.1(16.9) 2.6 (1.9) 5.5(22.7) 6(5)
M y rd a  leploclada DC. Myrtaccac ncotropics (2.3) (5) (1.5) (2) (3.4) 0(5)
S fy ra a s p . 1 Myrtaccac • (1.8) 0(1)
M yrcia splendens (Sw. ) DC Myrtaccac ncotropics (1.9) 8.4 (2.8) 0.2 6.1(11.2) 3(3)
I'a licourea  criKeoides Ham Rubiaccac ncotropics (14.7) 2.5(8) (10.8) 8.1(29.6) 6.1(11) 2.5(12.9) 28.2(23.9) 7,5(15) 6(8)
Piper aduncum  L, Pipetoceae ncotropics 2.3 1(0)
P iper glahrescens (Miq )C  DC. Pipcraccac ncotropics 0.4 12.3 1.6 3(0)
P iper hispidum  Sw. Pipcraccae ncotropics 0.9 1(0)
P sycholria  herleriana  DC. Rubiaccac ncotropics (2) 1.3(44) 4.5(4) 7.1(1) 4.9(12.1) (!) 0.5(23) 2.3 (4.7) 6(8)
Psyxholria  hrachiala  Sw. Rubiaccac ncotropics (2) (0.6) (6.5) (1) 0(4)
Psyxlioiria  grandis Sw Rubiaccac ncotropics (2) 0(1)
Psyxholria  .sp. 1 Rubiaccac * 4.3 1(0)
M#k#owm woody spccirt
unknoww ffU 0.3 1 (0) Ww
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unknown «19 • • 1.7 im i
palm
l 'm h K ’ti niiiiilaiiu (Graham) Nicholson Arccaccac Caribbean 1.6(2.1) 28.5(18.9) 22.1 (J4) 50.6 (49.9) 141 (49.8) (0.8) 15.7(5.5) 4.4 7(7)
IfM  fern
Alsophila porlorum sis Cyalhcaccac cndcmic 0.4 1(0)
(Sprcng. cx Kuhn) Conani
Cyxnhfu arborea (L .)J. E  Sm Cyathcaccac Caribbean 9(4.5) 7 21(1.5) 5 7 2 0.8 10.3 8(3)
( ’iiemiilaria horriila (1. ) C l’rcsl Cyathcaccac ncotropics 1.6 1(0)
Moody v in t
Cissampelosporeiro !.. Mcnispcrmaccac ncotropics 5 .3 (1 4 ) 1(1)
Dalhergia mimelaria L. Fabaccac ncotropics 17.2 1(0)
l'orsieronia porlorieensis Woodson Apocynaccac cndcmic (1.8) 0.2 7.3 (5.4) 2(2)
Heleropieris laurifolia ( l. ) A Juss Malpighiaccac ncotropics (3.8) (0.3) 1 .5 (31) 0.3 2(3)
Hippoiralea volubilis L llippocratcaccac ncotropics (2.6) 0 (1 )
Marcgravia reclifliira Triana&  Planch Marcgraviaccac Caribbean (3) (1.2) (14.4) (2.4) 0 (4 )
Marcgravia smiemsii Urh Marcgraviaccac • 3.1 1(0)
Marcgravia sp. Marcgras iaccae • (2) 0 (1 )
Mimosa ceralonia L. Fabaccac Caribbean 4(2.6) 1(1)
l'aullinui pinmila L Sapindaccac ncotropics 0.3 (4.3) 0.6 2(1)
l'hiliHleniiron anguMiiliim Scholl Araccac Canbbcan 0.7 (2.4) 0 .3 (0 4 ) (7.6) 6.7(12) 1 (0.2) 4(5 )
l'inzona coriacea Man. Sz Zucc. Dillcniaccac Canbbcan (3.7) 0 (1 )
Boiirea surinamensis Miq Connaraccac ncotropics (11.8) 1.5(11.2) (15.8) (2.2) (1.1) 15 (4 .8 ) 1.4(13.9) 3 (7 )
Schlegelia brachyoniha Griscb Scrophulariaccac ncotropics 1.8(3.2) (2) 0.1 (3.6) 2 (3 )
SecuriJaca virgala Sw. Polygalaccac Caribbean (« 4 ) (0.9) 0.5 5.8 11.6(0.9) 3 (3 )
Smilax domingensis Willd. Smilaccaccac ncotropics (0.5) (0.5) (2.2) (1.7) 0 (4 )
unknown «13 • • (0.3) 0 (1 )
unknown «20 t • (1.7) 0 (1 )
krrbaccoNi vine
Dioscorea alala L, Dioscorcaccac Asia 4(1.6) 1(1)
Dioscoreii aliissima Lam Dioscoreaccac • (4.2) 0 (1 )
Hymenaea sp. Fabaccac • 6.9 1(0)
Ipomea .sp. Convolvulaccac • 0.9 1(0)
I'as.sijlora .sp. Passitloraccac • 0.5 1(0)
I'liilosleiulron scanJens Araccac • (1) (0.3) 0 (2 )
K. Koch A  Scllo
Syngoniiim poJophyllum  Schotl Araccac ncotropics 5 1(0)
Araccac sp. Araccac • 0.3 1(0)
unknown vine • • (0.5) 0 (1 )
m bc
(«CW
Hlechnum occiilenlule L. Thclyptcridaccac ncotropics (4.3) 0 (1 )
Cyxiihea borinquena (Maxon) Domin Cyathcaccac cndcmic (50.5) (56.8) (25.8) 1.5(17.6) (2.2) 1 .8 2(5)
Dicranoplcris pcclinala Ptcridophyta ncotropics (1.5) 3.4(14) 1(2)
(Willd.) Undcnv.
llielypleris reliculala (L. ) Proctor Thclyptcridaccac ncotropics 1.5 0.5 2 (0)
unknown «85 • • 1.8 1(0)
g n t i ,  w dgc, rm h
Hambusa sp. Poaccac Asia 2 12.5 2 (0 )
Poaccac sp. Poaccac • 1.5 (0.7) 1(1)
Selena .sp. Cypcraccac • (20.5) (4.2) (6.3) 0.2 1(3)
bcrb
I)u'j(/vnhucfiiu scfiumc (Jacq ) Schotl Araccac 0.8 1 (0 )
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